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Abstract 
The excellent mechanical property and unrivalled corrosion resistance of titanium alloys lead 
to their wide application in the aerospace, defence industry and biomedical engineering. 
However, titanium alloys are difficult to machine due to their low thermal conductivity and 
high chemical reactivity, which in turn result in severe cutting conditions including high 
temperature at tool-chip interface and highly abrasive interactions at tool-workpiece interface. 
The harsh conditions of high temperature and large friction adversely affect tool life, cause 
premature tool failure and eventually lead to extremely low machining efficiency.  
 
Recently, the advance in developing new nanoparticles opened new opportunities for 
manufacturing industry. Graphene oxide (GO) is two-dimension material and have the  
outstanding thermal conductivity (5000 W/m⋅K.) and  excellent tribological properties of 
GO  make GO nanofluids an ideal cooling media for machining titanium alloys, in particular 
Ti-6Al-4V. Based on the properties of graphene oxide and relevant research carried out so far, 
it is reasonable to predict that the application of graphene oxide nanofluids in machining 
processes may result in substantial enhancement of cooling effects and consequently result in 
lower cutting temperature, smaller cutting force, less tool wear, better surface quality and 
improved machining efficiency. However, there is a lack of fundamental knowledge and in-
depth understanding of the working mechanism of GO in the machining processes and it is 
unclear how their performances will be in machining titanium alloys.  
 
This thesis investigated the working mechanism and performance of different types of GO 
nanofluids in different machining process including both turning and drilling. Two novel 
models of using GO nanofluids in turning processes which can accurately predict the change 
in cutting temperature and cutting forces were developed. The cutting temperature model was 
created by considering the thermal conductivity and specific heat of the GO nanofluids along 
with their heat transfer coefficient and friction coefficient, whereas the cutting force model 
was developed by taking into account friction, tool geometry and the friction coefficient 
associated with the thermal properties of nanofluids. In this research, the GO nanoparticles 
could increase the lubrication and reduce friction force. Reduction of friction of about 4.01%, 
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5.36% and 3.37% were achieved when 0.1 wt.%, 0.3 wt.% and 0.5 wt.% GO nanofluids were 
applied. With the increase in the concentration of  GO nanofluids, the cutting temperature 
and cutting force generally dropped. However, the reduction rate of cutting force when the 
concentration was 0.5wt.% was lower than that of 0.3 wt.%. For the cutting tools, While 
fractures, adhesion chips and BUE were found on the tool rake face under conventional 
cooling condition, less BUE and attrition wear were observed when GO coolant was applied. 
Flank wear and the wear of rake face were reduced by 77.78% and 41.21%. The GO 
concentration of 0.3 wt.% showed the best performance on tool wear. Surface topography 
showed that GO nanofluids resulted in less scratch and plastic deformations than those 
processed by conventional fluid. The average surface roughness was 27.51% less when using 
GO suspended fluid. Cutting temperature decreased by 30.87 ℃, 34.90 ℃ and 36.80 ℃, 
respectively when GO nanofluids of 0.1 wt.%, 0.3 wt.% and 0.5 wt.% were applied while the 
feed rate was 0.05 mm/rev and the pressure of coolant was 1 Bar. When feed rate was 
increased to 0.1 mm/rev, the cutting temperature increased as well. In the meantime, higher 
coolant pressure lead to lower cutting temperature under same cutting conditions. 
 
By analysing cutting temperature, cutting force, chip morphology, workpiece microstructure, 
material diffusion and cutting vibration through a series of well-designed cutting experiments 
with different types of tools and coolants, the theories of tool wear and new machining 
mechanisms of applying GO nanofluids were found. This work will be able to to provide 
useful information to the industry and stimulate further research in this area.  
 
Keywords: Titanium alloy, Graphene based nanoparticles, Wear mechanism, Force and 
Thermal modelling, Cutting performance, Cutting vibration, Surface integrity. 
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       Reynolds number 
Pr    Prandtl number 
                        Rake angle (degrees) 
     The half of point angle (degrees) 
θ    The position of the calculated rake angle on the cutting lip 
     Feed rate (mm/rev) 
      Coolant coefficient 
                        Coolant pressure force (N) 
Ft    Thrust force (N)    
Fl    Lateral force (N) 
Fc    Cut force (N) 
r    Tool radius (mm) 
η    Chip flow angle (degrees) 
d    The depth of cut (mm)    
𝜑    Shear angle (degrees) 
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i     Inclination angle (degrees) 
tc    Chip thickness (mm)  
                        Uncut chip thickness (mm)  
     Rake angle (degrees) 
      Normal force (N) 
      Friction force (N) 
      The specific normal force (N) 
      The specific friction force (N) 
      Thrust force (N) 
      Cutting force (N) 
                        Surface temperature of the workpiece ( ) 
                        Temperature of the coolant ( ) 
                        Chip load or the chip area of element 
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Chapter 1 Introduction 
1.1 Background 
Titanium alloy Ti-6Al-4V is widely used in the aviation industry, automobile engineering and 
biomechanical engineering because of its outstanding physical, chemical and mechanical 
properties including low density, high strength and good erosion resistance. However, many 
difficulties are encountered in the machining of titanium alloy with conventional tools due to 
its high chemical reactivity and low thermal conductivity, which lead to the demand for new 
tool material with better cutting performance and longer tool life. In order to meet this 
demand, poly-crystalline diamond (PCD) has been applied in addition to tungsten carbide 
(WC), ceramics, and polycrystalline cubic boron nitride (PCBN). Known as a hard and brittle 
material, PCD is manufactured by sintering the diamond grains and the binder material under 
high temperature and high pressure conditions (at temperatures of 1670K to 1770K and 
pressures of 5 GPa to 6 GPa). PCD  has been now applied widely in die and cutting tool 
applications due to the high hardness, better mechanical and thermal properties, and good 
chemical resistance to severe corrosive environments. 
Cutting force is an essential factor that affects the tool wear, tool life and surface integrity of 
the workpiece. The availability of an accurate cutting force model is very significant in 
predicting cutting force. Normally, the calculations of instantaneous chip thickness and 
cutting coefficients of cutting force components are the two main methods for determining 
the cutting force value. 
Chip formation is part of the process of cutting materials by mechanical means, using tools 
such as saws, lathes and milling cutters. An understanding of the theory and engineering of 
this formation is an important part of the development of such machines and their cutting 
tools. Generally, there are two main types of chips in the manufacturing process which are 
continuous chips and discontinuous chips. The continuous chips are formed when the ductile 
material is machined with high cutting speed and minimum friction between the chip and tool 
face. The formation of continuous chips during machining process have better surface finish 
to the ductile material, less heat generation due to minimum friction between the tool face 
and chip and minimum friction between the chip and tool interface. Comparing with 
discontinuous chips, when discontinuous chips are formed in the ductile materials, the 
workpiece result in poor surface finish and excessive wear and tear of the tool takes place. 
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Wear may combine effects of various physical and chemical processes proceeding during the 
friction between two counteracting materials: micro-cutting, micro-ploughing, plastic 
deformation, cracking, fracture, welding, melting, chemical interaction. The mechanism of 
wear contains abrasive wear, adhesive wear, corrosive wear and erosive wear.  
Nanofluids are fluids containing nanometer-sized particles, called nanoparticles. These fluids 
are engineered colloidal suspensions of nanoparticles in a base fluid. Nanofluids could be 
used to provide cooling and lubrication action and to control thermo-physical and tribo-
chemical properties of material processing. It is foreseen that properly designed nanofluids 
could surpass conventional cutting fluids with respect to thermal conductivity, convective 
heat transfer coefficient, critical heat flux, viscosity, and wettability. These properties have a 
promising potential to lead to the development of new coolants and lubricants with 
applications in a wide variety of materials processing technologies.  
Graphene and its derivatives as a class of new materials have excellent mechanical, electrical, 
thermal and optical properties and used in a lot of areas such as solar, touch screen and 
biosensors. Graphene oxide has a similar layered structure as graphite, but the plane of 
carbon atoms in graphite oxide is heavily decorated by oxygen-containing groups, which not 
only expand interlayer distance but also make the atomic-thick layers hydrophilic. One of the 
outstanding properties of graphene oxide is its excellent thermal conductivity, which is as 
high as 500. This excellent property makes graphene oxide particles a heat transferring media 
which can be applied as cutting fluid in machining difficult-to-cut materials such as titanium. 
The main purpose of this study is to investigate the mechanism, performance and effects of 
graphene based nanofluids in machining titanium ally ti6al4v. Graphene oxide nanoparticles 
with different concentrations will be used as coolant in this study. Titanium alloy will be  
the workpiece to evaluate the machining performance. Drilling and turning methods will be 
employed to assess the cutting effect.  
 
1.2 Research gap 
Firstly, the machinability of titanium and its alloy is poor owing to several inherent properties 
of the materials. Ti is chemically very reactive and has a tendency to be weld to the cutting 
tool during machining, thus leading to chipping and tool failure. Titanium alloy’s low thermal 
conductivity (7.3 W/m/K for Ti-6Al-4V alloy) inhibits the dissipation of heat within the 
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workpiece results in the large proportion of the heat generated during the machining 
processes being conducted into the cutting tool rather than being carried away by the 
discarded chip, which increases the temperature at tool-chip interface. The extremely high 
temperature would result in the break of the tool and the hardening of the materials hard. 
Several methods had been developed to improve the performance and the details are as 
follows: 
 Using different types of drill, such as PCBN, PCD, TiAlN–PVD coated, TiN-coated 
carbide, MCD/NCD coated tools etc.  
 Using different cutting condition and optimization to increase the cutting performance, 
such as cutting speed and feed rate optimized. 
 Using assistant processing methods, like ultrasonic vibration, coolant pressure etc. 
 Using different cooling methods, such as vegetable oil, liquid nitrogen, air cooling, 
evaporative cooling, cryogenic cooling and minimum quantity lubrication (MQL). 
Although extensive research on cooling technology has been conducted, little research has 
been done on using graphene oxide nanoparticles in machining titanium alloy and it is 
unclear how it will affect the tool and workpiece. 
Secondly, cutting temperature has been widely investigated in manufacturing processes 
including milling, turning and drilling. However, these methods were developed either under 
dry cutting condition or using conventional cooling media. In order to investigate the effects 
graphene based nanofluids on metal cutting, a theoretical model has to be developed to 
analyse the effects of nanofluids in machining and this work will fill the gap in this field.  
Thirdly, cutting force, tool wear and quality of workpiece have been investigated extensively 
with the application of conventional coolant. However, little research has been carried out to 
investigate the chips, tool wear, quality of workpiece and cutting vibration when graphene 
based nanofluids are used. The comprehensively mechanism is needed to set up with different 
types of fluids.  
1.3 Research questions  
Although titanium alloy processing had been widely investigated in industry for many years, 
the causes lead to different performance of different cooling methods and strategies are not 
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fully understood, especially to the nanofluids as cutting fluids. In this study, the questions to 
be answered include the following four aspects: 
 
Question 1: What are the mechanisms and effects of graphene oxide nanoparticles in 
improving the machinability of titanium alloys? 
In this research, conventional coolant and three types of nanofluids with different 
concentrations will be used in investigating tool wear mechanisms in both turning and 
drilling processes.  
 
Question 2: What is the relationship between cutting force and cutting temperature when 
using graphene oxide nanofluids and how to mathematically describe the changes in force 
and temperature when graphene oxide based nanofluids are used in machining? 
In the machining process, the large amount of heat generated at the machining zone restricts 
the increase of cutting velocity. Also, in high-speed machining, desired surface finish and 
tool life cannot be achieved because the heat generated in the cutting zone may affect the 
hardness and sharpness of cutting tool. The high intensity of heat at the cutting edge results in 
accelerated tool wear, shorter tool life, and inferior quality of the machined surface. 
Therefore, the analysis of the distribution of temperature over the cutting tool has the prime 
importance for the prediction of tool life and the performance of the metal cutting operation. 
Additionally, due to the inherent machining difficulties such as evacuation of chips from 
machining zone and small tool-chip contact zone, the conventional temperature measuring 
equipment such as thermocouples cannot be installed precisely at the cutting edge of tool and 
makes the online monitoring and measurement of cutting temperature a challenging task. 
Therefore, mathematical methods are needed to predict cutting force and cutting temperature .  
 
Question 3: What changes in tool wear will be caused when different types of coolants are 
applied? What are the changes in chip formation and cutting vibration when graphene oxide 
nanofluids are applied? 
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Tool wear describes the gradual failure of cutting tools due to regular operation. There are 
five main types of wear: 
 Flank wear: the portion of the tool in contact with the finished part erodes, which 
could be described with the tool life expectancy equation. 
 Crater wear:   chips erodes the rake face. It does not seriously degrade the use of a 
tool until it becomes serious enough to cause a cutting edge failure. 
 Built-up edge (BUE): material being machined builds up on the cutting edge. Some 
materials have a tendency to anneal themselves to the cutting edge of a tool. It occurs 
most frequently on softer metals, with a lower melting point. It can be prevented by 
increasing cutting speeds and using lubricant. When drilling it can be noticed as 
alternating dark and shiny rings. 
 Glazing: it occurs on grinding wheels, and occurs when the exposed abrasive becomes 
dulled. It is noticeable as a shine while the wheel is in motion. 
 Edge wear, in drills, refers to wear to the outer edge of a drill bit around the cutting 
face caused by excessive cutting speed. It extends down the drill flutes, and requires a 
large volume of material to be removed from the drill bit before it can be corrected. 
The fundamental problem of tool wear under dry cutting condition or with conventional 
cooling media has been extensively investigated, however, there lacks the knowledge in 
regard to the tool wear when  graphene based nanofluids is applied as the cooling media. 
 
1.4 Research Objectives 
Based on the scopes and questions of the research, the overall objective is to investigate the 
machining performance and tool wear mechanism of different types of fluids. Compare the 
different machining conditions refined by different manufacturing methods, such as drilling 
and turning.  
The detailed research objectives are listed as follows: 
1) To investigate the machining of Ti alloys with the application of graphene oxide 
powder suspended coolants. 
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The comprehensive analytical investigation of graphene oxide nanofluids as cooling 
media applied in manufacturing when cutting titanium alloys will be discussed.  
 
2) To find the working mechanism leading to low cutting temperature when graphene 
nanofluids are applied and build a new cutting temperature model to predict the 
cutting temperature. 
 
 
3) To analyse the lubricating effects of graphene oxide and its reduction in cutting 
vibration and tool wear. 
 
The use of nanoparticles as lubricants is a recently emerged technology. The 
replacement of organic molecules by tiny particles of solid material is not 
straightforward and has only recently been recognized as feasible. The main 
advantages are that they are relatively insensitive to temperature and that tribo-
chemical reactions are limited, compared to traditional additives.  
 
 
4) To develop a new cutting force model when using graphene oxide nanofluids. 
 
Force analysis has been widely investigated in different machining processes such as 
drilling, turning, milling and grinding. Cutting force directly affects the quality of 
workpiece, tool life and power consumption of machine tools. It is one of the 
indispensable elements in designing machine tools, tools and fixtures. How the 
graphene nanofluids will affect the cutting force needs to  be investigated.  
 
1.5 Thesis outline 
The thesis consists of x chapters which aim to investigate the wear mechanism, machining 
processes and cutting performance of graphene oxide nanofluids: 
Chapter 1 is a generalized introduction to the content of the thesis, including the research 
background, research scopes, research gaps, research innovations and objectives of the 
research. 
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Chapter 2 is a comprehensive literature review. Both experimental and theoretical results 
with respect to the manufacturing process, the performance, thermal and lubrication effects 
are introduced. 
Chapter 3 presents the modelling of nanofluids based on graphene oxide nanoparticles in 
conventional fluids as cooling media in turning process. Analytical models to predict cutting 
force and cutting temperature in tool-chip interface when machining titanium alloy with 
different types of fluids was developed. The models were developed based on the wear 
mechanism proposed in Chapter 4 which considered the dynamic cutting force and properties 
of different nanofluids. Finally, the models were validated by the experimental results from 
Chapter 4. 
Chapter 4 presents the experimental investigation on the wear mechanism of PCBN tools 
with different types of cutting fluids in turning processes. Equipment and technique utilized 
in this research is introduced. In the cutting experiments, PCBN tools were used in turning 
titanium alloy Ti-6Al-4V with different types of cutting fluids and under different cutting 
conditions. Cutting forces, cutting vibration (time-domain and frequency domain) and wear 
mechanism considering the microstructure of titanium alloys and tool materials analysis were 
included. 
Chapter 5 introduces the cooling and lubricating effects of coolant with graphene oxide 
nanosheets suspension. 
Chapter 6 presents an analytical model which was developed based on computational fluid 
dyanmics (CFD) to investigate the temperature distribution and cooling efficiency 
quantitatively. Friction force and the coefficient of friction at tool/chip interface and 
tool/workpiece interface were calculated to analyse the lubrication effects of different types 
of coolant. The calculated results showed that the performance of cooling and lubrication of 
the coolant was better with the addition of graphene oxide nanosheets. Flank wear and crater 
wear was analysed and the morphological characteristics proved the reduction of cutting 
temperature and friction force when coolant with graphene oxide nanosheets was used. 
Chapter 7 introduces the drilling of Ti-6Al-4V with different types of fluid. A comprehensive 
study was conducted, which contains force, chip formation, surface integrity, tool wear, 
cutting temperature and cutting vibration. A new cooling system and an unconventional 
drilling process were applied in the investigation.   
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Chapter 8 summarizes the significant outcomes and contribution of this thesis. Possible future 
work based on this research has been presented at the end of this chapter. 
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Chapter 2 Literature Review 
This chapter presents a comprehensive review of current cooling technologies or issues 
associated with the machining of titanium alloy. The review is relevant to the research 
outcomes and the novel research contribution of this thesis. It is focused on published 
literature concerning not only aspects of tool performance including analysis of the tool wear 
mechanism and tool wear evolution but also issues relevant to nanofluids in the machining 
processes. Studies of surface quality and chip morphology are another important area relevant 
to this thesis work so these are also reviewed in the following sections. The limitations of 
current knowledge have been identified through this literature review. A number of 
associated issues are also discussed in this chapter. Fig. 2.1 outlines the review topics covered 
in this chapter. It could be seen in Fig. 2.1 that this literature review mainly divided into two 
main parts, which are the machining superalloys and nanofluids. In the machining superalloys, 
the main investigation include tool wear, cutting force, temperature, cutting vibration, surface 
quality and chip formation. In the nanofluids analyse, the main investigation include 
nanofluids thermal conductivity, density and lubrication. 
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Fig. 2.1 Topics of literature review  
2.1 Machining superalloys 
Titanium alloys have been widely used in the aerospace, automotive and biomedical 
industries owing to their excellent properties, which include high tensile strength and 
toughness, light weight-strength ratio and extraordinary corrosion resistance [1]. However, 
due to their high chemical reactivity and low thermal conductivity which lead to rapid 
temperature rise in the cutting area and cause premature tool failure, titanium alloys are 
difficult to machine. Many efforts have been made by researchers in the past decades to 
improve the machinability of titanium alloys. In addition to applying new tool materials such 
as coated cemented carbides, polycrystalline diamond (PCD), polycrystalline baron nitride 
(PCBN) and cubic-boron-nitride (CBN) [2-5], an effective approach is to find solutions to 
reduce the cutting temperature which is the root cause leading to the poor machinability. 
Minton et al. [6] investigated indirect cooling with a diamond-coated internally-cooled 
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cutting tool whilst machining titanium and found that reducing the cutting temperature could 
increase tool life by 5%. Yamaguchi et al. [7] found that magnetic abrasive finishing of 
cutting tools reduced cutting heat in machining titanium alloys because of the reduction in 
friction at the chip-tool interface and thus extended tool life. Huang et al. [8] investigated the 
drilling of SiCp/Al metal matrix composite with PCD tools and found the higher the cutting 
speed to use, the better the surface finish to be achieved. A major factor hindering the 
machinability of titanium alloys is their tendency to react with most cutting tool materials, 
thereby encouraging dissolution wear during machining. Ezugwu et al. [9] applied the three 
different grains sizes of CBN tool material in the turning process of Ti-6Al-4V and found that 
cutting speed that between 150 m/min - 250 m/min was suitable to machine titanium alloys. 
 
2.1.1 Surface quality 
Surface conditions of a metal part directly effect the processing and end use of that workpiece. 
These influences can be categorized as: 
 
 Frictional and wear behaviour at tool-chip interface in contact;  
 Effectiveness and control of lubrication during processing and in end use; 
 Appearance and the role of the surface in subsequent surface finishing operations 
(cleaning, coating, or surface treating); 
 Initiation of surface cracks and residual stresses that influence fatigue life and 
corrosion properties [9]; 
 Heat transfer and electrical conductivity between two bodies contacting each other.  
 
In most applications, having the smoothest possible surface is desired, especially when the 
fatigue life of a machined part is important [10]. However, in some cases, having a rougher 
surface can be preferred. These cases generally occur in the biomedical field [11]. Machining 
processes induce and affect various surface integrity attributes on the finished parts. These 
can be grouped as:  
 
 Topography characteristics such as textures, waviness and surface roughness; 
 Mechanical properties affected such as residual stresses and hardness 
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 Metallurgical state such as microstructure, phase transformation, grain size and shape, 
inclusions etc. These alterations of surface are considered mechanical, thermal, 
metallurgical, chemical, and electrical properties [12].  
 
There are many studies on the issue of surface integrity of machined parts, and an extensive 
review of such studies has already been done [13] and many forms of surface defects reported 
in the literature. The main surface issues after manufacturing are surface drag, material pull-
out/cracking, feed marks, adhered material particles, tearing surface, chip layer formation, 
debris of microchips, surface plucking, deformed grains, surface cavities, slip zones, laps 
(material folded onto the surface), and lay patterns [14-18]. These types of defects were 
observed by different researchers in many different nickel-alloys and titanium-alloys such as 
NiCr20TiAl, Inconel 718 [17, 19, 20], Ni-Cr-Al alloys [43], Ti-6Al-4V [21]. The cutting 
parameters can affect these defects to some degree. Cutting speed values can affect the 
amount of microchip debris on the surface, and material plucking, tearing, dragging, and 
smearing can be affected by depth of cut among other parameters. During machining of 
nickel and titanium alloys, such issues can be problematic, so optimizing the cutting 
conditions is essential [22]. When investigate in micron precision, the main surface defects 
are considered to be feed marks, chip re-deposition to the surface, and grain deformations, 
since these are the ones in the biggest scale among the surface defects. Also, plucking of 
particles from the surface and their re-deposition to the surface create two different defects, 
whereas these particles can also cause dragging and tearing defects on the next pass from the 
surface. Adjusting cutting parameters according to these defects is very hard, a complete 
elimination is not possible.  
 
2.1.2 Chip formation 
Chip formation and its morphology are important features of metal machining, it yields 
important information on the cutting process itself. In titanium alloy machining, segmented 
chip formation involves localized shearing which is associated with the generation of cyclic 
forces. The frequency of the cyclic strain is found to correspond to the frequency of chip 
segmentation.  It has been reported that titanium alloys grains within the shear bands have 
undergone heavy deformation and high-temperature excursions, resulting in titanium alloys 
phase transformation of the alpha phase from the hexagonal close packed alpha structure to 
the body centred cubic beta phase [23, 24]. In contrast, Velasquez et al. [25] reported that no 
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such phase transformation occurs inside the shear bands. There is significant disagreement 
and controversy surrounding not only the chip formation mechanisms during high-speed 
machining of titanium alloys but also the metallurgical aspects of the segmented chip. Also, 
very few published articles explore the variation of the dynamic cutting forces during cutting, 
which is important for a detailed understanding of the chip formation and tool wear 
mechanism [26]. 
 
2.1.3 Heat transfer and cutting temperature in metal cutting  
Heat transfer in the metal cutting has been investigated widely. Generally, the cutting heat is 
generated in three regions, which are the primary deformation zone (shear zone), the 
secondary deformation zone (tool-chip interface) and the tertiary deformation zone (elastic 
deformation). The deformation process is highly concentrated in a very small zone and the 
heat generated in the deformation zones affect both the tool and the workpiece. High cutting 
temperatures strongly influence tool wear, tool life, workpiece surface integrity, chip 
formation mechanism and contribute to the thermal deformation of the cutting tool, which is 
considered, amongst others, as the largest source of error in the machining process. The 
increase in the temperature of the workpiece material in the primary deformation zone softens 
the material, thereby decreasing cutting forces and the energy required to cause further shear. 
Temperature at the tool-chip interface affects the contact phenomena by changing the friction 
conditions, which in turn affects the shape and location of both of the primary and secondary 
deformation zones [27], maximum temperature location, heat partition and the diffusion of 
the tool material into the chip. Heat generated in metal cutting can be estimated either by 
calorimetric methods or by measuring the cutting forces. A detailed review of the 
calorimetric methods is available in literature [28]. Using the knowledge of cutting forces, the 
rate of energy consumption in metal cutting is given by Eq.( 2-1): 
        (2-1) 
where    is the cutting force,   is the cutting speed. 
 
Assuming that all the mechanical work done in the machining process is converted into heat, 
then heat generation,    in J/s in the primary deformation zone calculated from Eq. (2-2): 
           (2-2) 
The amount of heat generated due to the work done in the secondary deformation zone along 
the tool rake face is calculated from the friction energy given by the following equation: 
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 (2-3) 
where    is the total shear force on the rake face and    is the chip thickness ratio. The    
can be calculated by using the following equation: 
                  (2-4) 
Heat is removed from the primary, secondary and tertiary zones by the chip, the tool and the 
workpiece. Fig. 2.2 schematically shows the dissipation of heat. The temperature rise in the 
cutting tool is mainly due to the secondary heat source, but the primary heat source also 
contributes towards the temperature rise of the cutting tool and indirectly affects the 
temperature distribution on the tool rake face. During the process, part of the heat generated 
at the shear plane flows by convection into the chip and then through the interface zone into 
the cutting tool. Therefore, the heat generated at the shear zone affects the temperature 
distributions of both the tool and the chip sides of the tool-chip interface, and the temperature 
rise on the tool rake face is due to the combined effect of the heat generated in the primary 
and secondary zones. Most of the analytical models for temperature prediction used Blok’s 
[29] energy partition analysis or Jaeger’s [30] friction slider solution, which differ 
significantly in heat partition phenomenon. Blok’s partition principle has been widely used in 
the analytical investigation of temperatures generated in metal cutting. Blok’s principle is 
only valid for two bodies in relative motion: one stationary while the other is moving with a 
relative velocity. Therefore, it is only valid to solve the problem of heat partition in the tool-
chip interface. Blok’s partition principle assumes that heat generated at the interface is 
conducted into the tool and the chip, respectively, all heat losses are neglected.  
 
2.1.4 Measurement of cutting temperature  
Seeking to promote the machinability, much effort has been made to measure the temperature 
at the tool-chip interface zone and the temperatures of the chip, tool and the workpiece, as 
well as, obtaining the temperature distributions in the cutting tool (shown in Fig. 2.2). A 
review of the most common experimental techniques for temperature measurement in metal 
cutting processes reveals that these techniques can be classified as: direct conduction, indirect 
radiation, and metallographic. These techniques have been reviewed by Barrow[31], Da Silva 
et al. [32], Herchang et al. [33] and more recently by Komanduri et al. [28], O’Sullivan [34], 
and Sutter et al. [35]. Generally, these techniques include: tool-work thermocouples, 
embedded thermocouples, radiation pyrometers, metallographic techniques and a method of 
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using powders of constant melting point. The tool-work (dynamic) thermocouple technique is 
based on the fact that the tool and the workpiece are two different materials. The contact area 
between them forms a hot junction, and produces an electromotive force (emf) while the tool 
or the workpiece material themselves form the cold junctions. Stephenson used this technique 
for measuring the temperature in cutting tests on grey cast iron and aluminium with WC tools 
[36]. This technique was also used by Alvelid [37] and Lezanski et al. [38]. However, the 
main concerns stated by different researchers about this method are that: it only gives a mean 
value of the temperature along the whole tool-chip interface and high local temperatures 
which occur for short periods can not be observed; it gives incorrect results if a built up edge 
is formed; a coolant cannot be used; both workpiece and the tool should be electrical 
conductors, the thermocouple pair requires accurate calibration and produces significant 
noise in the signal. Furthermore, this technique’s application in HSM could be limited by the 
brittleness and electrical resistance properties of the tools. In particular, its inability to capture 
the transient aspects of temperature distribution makes it less ideal for HSM. Indeed this 
technique is not suitable for temperature measurements when the workpiece material melts. 
This is one of the possible reasons for the inaccuracy of Salmon’s 1931 theory of the 
evolution of cutting temperature in HSM. Embedded thermocouple technique uses 
thermocouples, which are inserted and mounted into the cutting inserts to measure 
temperature either at a single point or at multiple points along the tool rake face. This method 
requires drilling of several holes into the tool or the workpiece for the thermocouples to be 
inserted. For good accuracy the depth of the holes needs to be as close as possible to the 
surface where the temperature is to be measured. Kitagawa et al. employed this technique to 
study the effect of the cutting temperature on the tool wear in high speed turning of Inconel 
718 and milling of Ti-6Al-6V-2Sn alloy [39]. Tungsten micro-thermocouples were embedded 
in the tool. Temperatures of 1200°C and 1100°C were reported for the ceramic–Inconel tool 
material pair at 150 m/min and the carbide-Ti-6Al-6V-2Sn tool-material pair at 500 m/min, 
respectively. Chen and Tsao [40]calculated the heat flowing into the rake face of the cutting 
tool by using inverse heat conduction method (IHCM) based on the interior temperature 
variations measured from a thermocouple. Although this technique has been widely used, 
especially for the estimation of the temperature of the tool using the IHCM, there are a 
number of limitations and questionable aspects concerning the placement of the 
thermocouple since they alter the heat flow limit the strength of the tool. Other limitations 
include the slow response time, difficulties to drill holes in hard tool materials such as 
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ceramics and an inability to predict the transient response. The radiation techniques are 
noncontact thermo-graphic methods to measure the surface temperature of the body based on 
its emitted thermal energy. It is available for both temperature field measurement (infrared 
thermography) including photo cameras with films sensitive to infrared radiation and infrared 
cameras, and for point measurement (infrared pyrometer). The radiation technique has many 
advantages over the thermo-electric technique including: fast response; no adverse effects on 
temperatures and materials; no physical contact; and allowing measurements on objects, 
which are difficult to access. This technique is probably the most suitable in HSM 
applications where high temperatures can be captured easily as there is no direct contact with 
the heat source. However, the measurement position has to be selected carefully as the 
accuracy may be significantly affected by chip obstruction. Chip obstruction also makes it 
difficult to measure the temperature at the tool-chip interface. In addition, the exact surface 
emissivity should be known as it strongly affects the measured temperature. Sullivan and 
Cotterell [34] applied a coating of known emissivity on the workpiece surface in order to 
eliminate any measurement problems. There are many different emissivity values reported in 
literature for different cutting tools and workpiece materials. However, it is important to note 
that the emissivity of most of the metals with clean surface or thin oxide layers varies with 
wavelength and temperature. Therefore, the pyrometer operating wavelength and band data 
must match with the spectral emissivity values. In addition, measuring the emissivity is also 
complicated by the fact that the emissivity of an object significantly changes with the change 
in the surface conditions such as oxidation, etc. In most cases, to overcome the uncertainty of 
the emissivity measurement it is important to measure the emissivity of the object prior to the 
temperature measurement in the cutting test. Lin et al. [41] used an infrared pyrometer to 
measure the tool-chip temperature for carbide and ceramic tools at cutting speed of 600 
m/min. Dewes et al. [42] employed an IR camera and the thermocouple technique to measure 
the chip temperature when machining H13 hardened steel in high speed machining. Young 
[43] used the IR camera to measure temperature of the chip back section and the interface 
temperature in orthogonal cutting of AISI 1045 steel. These results were used to investigate 
the effect of the flank wear on the cutting temperature. Yourong et al. [44] used the infrared 
camera to investigate the temperature distribution on the flank face of ceramic tools used for 
turning operation. More recently, Muller et al. [45] developed a two-colour fiber-optic 
pyrometer for the measurement of temperatures on surfaces of unknown or varying 
emissivity. The pyrometer was also used for the measurement of the chip and the workpiece 
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temperature in an oblique turning process of AISI 1045 steel. Darwish et al. [46] used an IR 
camera to measure the tool-chip interface temperature in orthogonal cutting tests in a study to 
compare the heat flow through brazed and bonded tools. IR pyrometer was also used as a 
remote sensor to measure the temperature at the tool-chip interface in high-speed milling. The 
measured temperatures were used as an input for the inverse heat transfer model to calculate 
the heat flux and temperature distribution on the tool-chip interface. In metallographic 
techniques, the temperature measurement involves the analysis of the microstructure and/or 
the microhardness of the heat-affected zone within the cutting tool. It requires calibration 
curves, which give the hardness of the tool material against known temperatures and heating 
time. Typically the accuracy of the temperatures measured by this method is in the range of 
    . However, this technique is mainly limited to HSS tools, which experience a change 
in the structure/microhardness with temperature in the range from 600   to 1000  . It has 
been reported that temperature maps can also be constructed for the iron-bonded cemented 
carbide tools where cobalt is replaced by iron. The accuracy of this method for the 
determination of metal cutting temperatures is limited. This method cannot be used to record 
the temperature field in the cutting tool as a function of time. The fine powder method can be 
used to predict the temperature gradients on the rake face of cutting tools. The temperature 
distribution on the rake face is estimated by observing the boundary line formed by the 
melted and unmelted powder scattered on the tool surface. Lo Casto et al. [47] used a remote 
temperature sensing technique to determine the isothermal lines on a plane parallel to the rake 
face based on the use of various constant melting point powders. However, the main 
limitation of this method is that the used powder requires a long time to be completely melted.  
 
There is no general agreement on the results obtained by using the various temperature 
measurement techniques discussed above. The complexity of the machining process makes it 
extremely difficult to compare the results from different techniques. This difficulty is 
illustrated by the fact that different results are obtained by the same measuring method from 
the experiments, which are performed under the same cutting conditions and on the same tool 
and workpiece materials. In terms of the temporal and spatial resolutions of the 
measurements of temperatures in metal cutting, it has been reported that the best temporal 
resolution of 50 mm was obtained by the pyrometer while the best spatial resolution of  5 
mm was obtained by thermal video cameras.  
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Fig.2.2 The heat transfer during the orthogonal cutting process in three zones. 
 
2.1.5 Current cooling technology 
Recently, various attempts to reduce tool wear and increase workpiece quality have been 
made by using different coolants such as liquid nitrogen      , oil and water. For instance, 
Dhananchezian et al. [48] found that cryogenic cooling could reduce surface roughness and 
tool wear by a maximum of 35% and 39% over wet machining, respectively. Paul and 
Chattopadhyay [49] found that cryogenic cooling could substantially reduce the temperature 
by up to 34% in the grinding zone. In cryogenic drilling of Ti-6Al-4V alloy under liquid 
nitrogen cooling, Ahmed et al. [50] found that surface roughness of the workpiece was 
reduced by 4.36–51.67%, cutting force was  decreased by 1.23–9.67% and the cutting 
temperature was lowered by 28–61% with the application of cryogenic     coolant. Li et al. 
[51] compared the characteristics of two different fluid lubrications in which oil and oil with 
      powder were used respectively, and found that oil with       powder could further 
reduce friction and resulted in better lubrication than conventional fluid. Huang et al. [52] 
pointed out that adding graphite into oil and using it as cutting fluid could reduce cutting 
force and tool wear. Lee et al. [53] concluded that, as an additive in the coolant, graphite 
nano-powder increased the lubrication and reduced the friction between the tool and 
workpiece. Moreover, minimum quantity lubrication (MQL) is an environmentally feasible 
alternative to flood cooling. In MQL, minimum lubricant is dispensed to the tool-workpiece 
interface by a compressed air flow. It thus combines the functionalities of both cooling and 
lubricating at the tool-workpiece interface with an extremely low consumption of lubricants. 
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By using biocompatible palm oil in machining titanium alloy, Rahim and Sasahara [54] found 
that using MQL reduced 6.5% of cutting force. In drilling titanium workpiece with two 
different types of MQL, Zeilmann and Weingaertner [55] found that cutting temperatures of 
applying MQL internally through the tools were 50% smaller than those obtained by applying 
MQL with an external nozzle. However, due to the limited cooling improvements MQL 
achieved, other than some special applications where a coolant system is not practical, e.g., 
robot-based drilling of large components, so far the rate of adoption of MQL is still very low.  
 
2.2 Nanoparticles and nanofluids 
Nanoparticles are particles with a diameter of less than 100 nm. Nanotechnology is used or is 
considered to be applied in many fields including [56-59]: 
 Engine cooling 
 Engine transmission oil 
 In diesel electric generator as jacket water coolant 
 Boiler exhaust flue gas recovery 
 Heating and cooling of buildings 
 Cooling of electronics 
 Cooling of welding 
 Nanofluids in transformer cooling oil 
 Nuclear systems cooling 
 Solar water heating 
 Nanofluids in manufacturing (drilling/turning/milling/grinding) 
 Refrigeration (domestic refrigerator, chillers) 
 Defence 
 Space 
 High-power lasers, microwave tubes 
 Biomedical applications 
 Lubrications 
 Thermal storage 
 Drag reductions 
 Tribology 
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There are considerable researches on the superior heat transfer properties of nanofluids 
especially on thermal conductivity and convective heat transfer. In the literatures a number of 
reviews on thermal and rheological properties, different modes of heat transfer including 
boiling one have been reported by many researchers. For example, Chu et al. [60] found that 
the thermal conductivity increased by 16% and the dynamic viscosity was reduced by 22% 
when the concentration of GO suspension was 0.5 wt.%. Graphene suspended coolant had 
similar performance as compared with     cryogenic cooling if not better [57], and it is 
much easier to implement in the experiments. Pan et al. [61] reported that there was a 
significant improvement in thermal conductivity of conventional coolant by addition of 
different nanoparticles. Different type of the size, shape, and material of particles could result 
in diverse of thermal property. For example, higher thermal conductivity can be found when 
metallic nanoparticles as additive in base fluids than conventional fluids. The smaller particle 
size led to the higher the thermal conductivities in nanofluids [62]. In the meantime, Murshed 
et al. [62] also presented that thermal conductivity would improve by increasing 
nanoparticles volumetric concentration in baseline cutting fluids. Yu et al. [63] reviewed the 
research on the application of nanofluids and found that nanoparticles mixed in the 
conventional coolant could improve its thermal conductivity and reduces the tool wear, 
surface roughness, cutting force in the machining.  
2.3 Graphene oxide nanoparticles 
Graphene oxide is a new material that is synthesized from synthetic graphite powder. It has 
excellent mechanical, electrical, thermal and optical properties and has been used in a lot of 
areas such as solar, touch screen and biosensors. Graphene oxide has a similar layered 
structure as graphite, but the plane of carbon atoms in graphite oxide is heavily decorated by 
oxygen-containing groups, which not only expand interlayer distance but also make the 
atomic-thick layers hydrophilic. One of the outstanding properties of graphene oxide is its 
excellent thermal conductivity, which is as high as 5000           [64]. This excellent 
property makes graphene oxide particles a heat transferring media which can be applied as 
cutting fluid in machining difficult-to-cut materials such as titanium. Elomaa et al. [65]  
found that graphene oxide water dispersions exhibited smaller friction effects in diamond-like 
carbon vs. stainless steel tribological contacts and it had lower friction coefficient than water 
without graphene oxide powder. Samuel et al. [66] found that the reduction in cutting 
temperature could be up to 58%, the improvement in lubrication could be up to 58.73% and 
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the reduction in cutting force could be up to 26% when graphene colloidal suspensions were 
used. In another research, Smith et al. [67] found that the graphene oxide colloidal 
suspensions resulted in a 50% reduction in cutting temperature. Compared with     
cryogenic cooling, similar performance, if not better, was achieved by using graphene 
suspended coolant, however, it is much easier to implement in the experiments. Although 
research on the application of graphene oxide added coolant has been conducted by a few 
researchers [68], there is a lack of in-depth understanding of its machining mechanisms and it 
is unclear what effects graphene oxide suspensions have on the cutting tools and workpiece.  
 
2.4 Properties of nanofluids  
2.4.1 Density 
Generally, the solid particles as an additive in base fluids would systematically improve the 
density of the mixture. This is because the solid particles density are greater than liquid and 
two types of substances mixed together would enhance the density. Teng and Hung [69] 
mentioned that the nanofluids concentration enhancement would increase the density of this 
nanofluids. Heyhatetal. [70] reported the density of Al2O3 (40 nm)/water nanofluids 
increased by a maximum of 3% when the particle concentration was 2.0 vol.%. Pastoriza-
Gallego et al. [71] investigated the effects of CuO nanoparticles and found1% to 5% 
concentration as nanofluids would result in significant density increase. Vajjha et al. [72] 
compared SnO2, Al2O3 and ZnO nanoparticles in base fluids and SnO2 shown the greater 
improvement of density.  The estimation of nanofluids density is based on Eq. (2-5). [9], 
                (2-5) 
where     is the density of solid particles,     is the base fluids density,   is the volume 
fraction and     is the nanofluids density. Based on the previously research, the density of 
diverse nanofluids under different volume fraction was shown in Fig.2.3. It could be seen that 
with increasing of volume fraction, the nanofluids density has been enhanced and SnO2 
displayed higher density, due to the higher density of Sn.  
41 
 
 
Fig. 2.3 Comparison of the density of different types of nanofluids with different solid 
nanoparticles. 
 
2.4.2 Thermal conductivity 
Generally, the thermal conductivity of nanofluids refers to its capability to conduct or transfer 
heat.  Murshed et al. [62] discovered that the thermal conductivity and viscosity of 
nanofluids  increased significantly with the particles volume fraction. Eastman et al. [59] 
found that % thermal conductivity of 0.3 wt.% copper nanoparticles in base fluids would 
increase by 40% compared with that of base fluid. Zhu et al. [73] investigated the  effects of 
      aqueous nanofluids on the thermal conductivity and found it had better efficiency 
compared with conventional fluids. Liu et al. [74] studied the thermal conductivity of copper 
water nanofluids produced by chemical reduction, the results show 23.8% the volume 
fraction of copper particles was increased by 0.1% due to higher thermal conductivity and 
specific surface area of copper nanoparticles. It is also noted that the thermal conductivity 
increased with the increase of particle volume fraction. Xie et al. [75] investigated the 
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interfacial nano-layer on the effective thermal conductivity of nanoparticles in mixture and 
found that nano-layer lower thickness promoted the thermal property in nanofluids. Yu et al. 
[76] used the revised Maxwell model to predict the enhancement of the thermal conductivity 
nanofluids when copper nanoparticles was additive media. Yoo et al. [77] was in the view 
that  nanoparticles are the main factor to affect the lubricant and thermal property of 
nanofluids. Table 2.1 shows the thermal conductivity ratio of different nanofluids(i.e. thermal 
conductivity of solid to liquids). In the Table 2.1, thermal conductivity ratios are range from 
11.5–29000. This indicates that when solid particles are added in conventional 
liquids/coolants, thermal conductivity can be increased tremendously.  
Table 2.1 Thermal conductivity ratio of different nanoparticles in the base fluids 
Nanoparticles Base fluids thermal 
conductivity ratio 
(k2/k1) 
1. Metal nanoparticles 
Fe 
 
 
Cu 
 
 
Ti 
 
 
Au 
 
 
 
Ag 
 
 
 
Ni 
 
 
Water[78] 
Ethylene glycol[79] 
 
Ethylene glycol[74, 80-82] 
Water[83] 
 
Water[84] 
 
 
Water[85] 
Toluene[86] 
 
 
Water[87] 
Ethylene glycol[88] 
 
 
Ethylene glycol[89] 
Water[90] 
 
132 
311 
 
655 
1550 
 
11.5 
 
 
518 
2370 
 
 
697 
747 
 
 
216 
175 
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Al 
 
2. Non-metal nanoparticles 
 
Graphite 
 
 
 
Graphene 
 
 
Carbon nanotubes 
 
 
 
Diamond 
 
 
Si 
 
3. Oxide and composite nanoparticles 
SiO2 
 
 
ZnO 
 
 
Fe3O4/Fe2O3 
 
 
 
 
 
Water[91] 
 
 
 
Oil[92] 
Water[93] 
 
 
Distilled water[94] 
Ethylene glycol[95] 
 
Ethylene glycol[96] 
Silicon oil[97] 
Water[98] 
 
Ethylene glycol[99] 
Engine oil[62] 
 
Water[100] 
 
 
Ethylene glycol[101] 
 
 
Water[102-104] 
Ethylene glycol[105-107] 
 
Water[108] 
Ethylene glycol[109] 
Kerosene[110] 
 
 
 
140 
 
 
 
4700 
903 
 
 
10192  
12619 
 
7571 
10600 
6115 
 
2380 
10000 
 
2.2 
 
 
48 
113 
 
11.5 
50 
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TiO2 
 
 
 
Graphene oxide 
 
 
ZrO2 
 
 
WO3 
 
 
Al2O3 
 
 
 
 
AlN 
 
SiC 
 
 
CuO 
Water[111-113] 
Ethylene glycol[108] 
Kerosene[110] 
 
Water[113] 
Mineral oil[57] 
 
Water[114] 
Ethylene glycol[105] 
 
Silver/Transformer Oil[115] 
 
 
Water[116, 117] 
Glycerol[118] 
Oil[119] 
Ethylene glycol[120] 
 
Water[121, 122] 
 
Ethylene glycol[123] 
Propylene glycol[123] 
 
Water[124] 
Ethylene glycol[124] 
 
 
 
 
11153 
29000 
 
 
 
 
 
 
 
66 
140 
342 
156 
 
 
 
 
 
 
127 
300 
(k1 is the base fluids thermal conductivity, k2 is the nanoparticles thermal conductivity) 
The particles’ volume fraction, external temperature and particle size do play a significant 
role in the thermal conductivity of nanofluids.  
 
45 
 
2.4.3 Specific heat 
Nanofluid specific heat can be expressed as a blend of heat capacities of solid and liquid 
phases when the phases are in thermal equilibrium. Xuan and Roetzel [49] presented the 
following Eq. (2-6) for the estimation of nanofluids specific heat: 
    
                      
   
 (2-6) 
where    stands for specific heat of GO particles,    is specific heat of conventional fluids, 
   is the solid nanoparticles density,   is the nanoparticles volume fraction and     is the 
density of nanofluids.  
Zhou and Ni [125] have found that increase in 21.7% volume fraction of  Al2O3 
nanoparticles at 33 °C could make 25%  improvement of specific heat. Namburu et al. [101] 
noted that as the particles volume concentration increased, the specific heat of the silicon 
dioxide nanofluids were decreased, which indicated that for higher concentration of silicon 
dioxide nanofluids, less heat input is required to increase the temperature of the nanofluids. 
Zhou et al. [126] reported that volumetric heat capacity ratio of CuO nanofluids versus 
deionized water was approximately a constant. Shin and Banerjee [127] shown that 1% 
concentration of silica nanofluids could result in a significantly improve of specific heat of 
18%-24% when based in distilled water. Sundar et al. [108] reported that different room 
temperature would lead to different specific heat at the same volume fraction. Hanley et al. 
[128] found that the specific heats of oxide based nanofluids of Al2O3  nanoparticles of 50 
nm size  increased with temperature but decreased with the concentration of the nanofluids. 
On the other hand, certain contradicting reports revealed that nanofluids specific heat is 
unaffected by the change in temperature but would decrease with the increase concentration 
[56,57].  
 
2.4.4 Lubrication property 
Recent research in nanofluids shows that lubricating oils added with nanoparticles additives 
(MoS2, CuO, TiO2, diamond, etc.) exhibit improved load-carrying capacity, anti-wear and 
friction-reduction properties [44,45]. These features made nanofluids very attractive in some 
cooling and/or lubricating applications in many industries including manufacturing, 
transportation, energy, and electronics, etc.  
46 
 
 
2.4.5 Viscosity 
Fluids encounter internal resistance to flow through pipes due to viscosity. The magnitude of 
heat transfer depends on the viscous state of the fluid rather than on thermal conductivity 
[129]. It is important in nanofluids flow to attain a compromise between thermal conductivity 
and viscosity enhancement. For example, a viscous base fluid can offset the thermal 
conductivity since its heat transfer capabilities hinged upon the contributions due to 
Brownian and micro-convection effects, which are important mechanisms for enhanced 
thermal performance [130]. 
On top of very few experimental studies, no established model is available for the prediction 
of the effective viscosity of nanofluids. The Einstein model [131] is commonly used to 
predict the effective viscosity of suspensions containing a low volume fraction of particles 
(usually <0.01). Since the particle volume fractions used in this study are between 0.01 and 
0.05, the power law based models[132, 133] are more appropriate for the prediction of the 
effective viscosity of nanofluids compared to the Einstein model. A decade later, a 
generalized equation for the relative elastic moduli of composite materials (also widely used 
for relative viscosity) was proposed by Nielsen[133]. Therefore, the theoretical works have 
been conducted to describe nanofluids viscosity and show in Table 2.2 [9–15].  
Table 2.2 Nanofluids viscosity theoretical model 
Eq. No.               Author                       Theoretical Model                           
1.                      Krieger and Dougherty                  
    
  
 (  
  
  
)
      
 
2.                      Einstein                              
    
  
 
 
        
 
3.                   Frankel and Acrivos                       
    
  
 
 
 
 
(
 
  
)
   
  (
 
  
)
     
4.                      Batchelor                             
    
  
              
5.                      Graham                          
    
  
            
 
 
 
  
    
 
  
    
 
  
  
  
6.                      Nielsen                              
    
  
           
          
7.                      Eilers                                                              
                        Vand                               
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                      Saito                                                                 
8.                  De Bruijin                                 
    
  
 
 
               
  
9.                    Mooney                                 
    
  
     
    
     
  
10.                  Brinkman                                 
    
  
  
 
      
    
11.                   Simha                                   
    
  
        (
   
    
)   
    
12.                   Roscoe                                  
    
  
        
   
13.               Kreigher-Doherty                              
    
  
    
  
     
         
14.                   Roscoe                                  
    
  
        
   
15.                   Chong                                  
    
  
      
        
          
    
16.                  Lundgren                                 
    
  
               
     
  
 
The effects of nanoparticles on the viscosity of nanofluids are introduced by the so-called 
apparent viscosity which is indicated by     . Therefore, the effective viscosity can be 
defined as follows: 
    =    +       (2-7) 
Considering a nanoparticle that is suspended in the base fluid moving related to the base fluid, 
Brownian motion is an important parameter that creates a relative velocity between the 
nanoparticle and the base fluid in nanofluids [134, 135]. The Brownian velocity and the 
corresponding Reynolds number are defined by Eq. (2-8) and Eq. (2-9). 
   
 
  
√
     
     
 (2-8) 
    
 
  
√
     
     
  (2-9) 
 
Where Kb is Boltzmann constant,  is the fluids density, T is the local temperature, dp  is 
the particle diameter. 

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It is worth noting that the Reynolds number is very small for nano-size particle diameter. For 
instance, for 10 nm Al2O3 nanoparticles in water, the Reynolds number is equal to 0.029 
which is a very low value. Therefore, it could be said that the flow around a nanoparticle falls 
in the Stokes regime. Fig. 2.4 illustrates the relationship between viscosity and volume 
fraction, it alos shows the comparison of the predicted relative viscosity with the 
experimental and other available models, which  The higher volume fraction led to the 
higher viscosity. Fig. 2.5 shows the relationship between viscosity and temperature. It could 
be seen that with the increase in temperature, the viscosity was decreased.  
 
Fig. 2.4 Comparison of the predicted relative viscosity with the experimental and other 
available models in the literature for the Al2O3–H2O nanofluids at (a) dp = 36 nm, (b) dp = 
28 nm and (c) dp = 13 nm[136]. 
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Fig. 2.5 Comparison of the temperature variation of different models for the calculation of the 
effective viscosity of nanofluids with experimental results (a) Al2O3–H2O, (b) CuO–H2O and 
(c) TiO2–H2O[136]. 
 
2.4.6 Nanoparticles size and shape 
A sketch of a nanoparticle with an interfacial layer in a fluid medium is shown in Fig. 2.6,  
Fig. 2.7 shows the SEM/TEM images of different nanoparticle. In Fig. 2.6, the three regions 
and their parameters are:  
(1) The particle     with radius  ; 
(2) The interfacial layer      between particle/fluid medium with thickness  ; 
(3) The fluid medium    . 
The following assumptions are made for the model development: 
The mixture (nanofluids) includes three components, namely particle, interfacial layer, and 
liquid; 
The stationary nanoparticles are apart from each other; 
The temperature fields are continuous in all three components and at the interfacial 
boundaries and the heat fluxes across the interfaces (particle/layer and layer/fluid) are also 
continuous. 
The two-dimensional, steady-state heat conduction equation is given by Eq. (2-10) 
      (2-10) 
By considering the uniform external temperature field    along any direction, the boundary 
conditions are as follows: 
 at the particle center 
 at a large distance 
 at the particle/ layer interface 
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 at the particle/ layer interface 
 at the layer/liquid interface 
 at the layer/liquid interface 
 
 
Fig. 2.6 Sketch of a particle with interfacial layer in a fluid medium[137]. 
With the boundary conditions, Eq. (2-11) to (2-13) was solved for both the spherical and the 
cylindrical coordinate systems and the temperature gradients in each component were then 
obtained. By making use of the temperature gradients and spatial averages of the heat fluxes 
in all components, two models for the effective thermal conductivities of nanofluids with 
spherical and cylindrical nanoparticles were obtained as follows: 
     (
(      )         
        
(       )    
 [   
 (      )    ]
) (
  
 (       )  
(      )     
       
)
  
(2-11) 
  
 
 
  (2-12) 
  
 
  
   (2-13) 
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The detailed discussion and mathematical derivations for the spherical nanoparticles are 
provided by Leong et al. [137]. There is no exact theoretical model available to determine the 
thickness of the nano-layers at the nanoparticle–liquid interface. Based on the electron 
density profile at the interface, Hashimoto et al. [138] established a model for the interfacial 
layer thickness at the surface of micro-domains, which is given as Eq. (2-14) 
  √   (2-14) 
 
 
Fig. 2.7 Different types of nanoparticles: (a) Spherical shape ZnO nanoparticles[139]; (b) SiC 
particles after water evaporation from diluted[140]; (c) Gold nanoparticles[141]; (d) TiO2 
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particles in deionized water[113]; (e) Typical SEM micrographs of Cu nanoparticles[142]; (f) 
Fe3O4 NPs with the 16 nm size[143]; (g) Al2O3 nanopowder at 5,000 magnifications[144]; 
(h) Graphene oxide sheets when added into conventional coolant[57]; (i) The graphite oxide 
well-extended oxidized-form[145]. 
 
2.5 Conclusion  
This chapter presents a comprehensive review of current application of nanoparticles as 
additive in cooling media in machining processes. It covered the thermal and lubricant 
properties, the significance of heat and heat transfer in manufacturing process, current 
cooling methods, tribology of nanofluids in metal cutting and different cutting processes. 
Finally, the limitations of the reviewed research are given in this chapter. 
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Chapter 3 Modelling of nanofluids based on graphene oxide nanoparticles 
in conventional fluids as cooling media in turning process 
The significant amount of heat and friction generated in machining Ti-6Al-4V affect the 
cutting performance and result in serious problems such as severe tool wear and poor surface 
quality. Graphene oxide (GO) nanoparticles have excellent thermal conductivity and high 
lubrication capability and have emerged as a promising solution to the heat and tribology 
issues. As an additive material, GO nanoparticles mixed in base fluids may lead to significant 
increase in thermal conductivity and lubrication capability, which in turn, could result in 
smaller cutting forces and lower cutting temperature in the cutting zone. New models of 
using GO nanofluids in turning processes which can accurately predict the change in cutting 
temperature and cutting forces. The cutting temperature model was created by considering 
the thermal conductivity and specific heat of the GO nanofluids along with their heat transfer 
coefficient and friction coefficient, whereas the cutting force model was developed by taking 
into account friction, tool geometry and the friction coefficient associated with the thermal 
properties of nanofluids. 
3.1 Introduction 
Titanium and its alloys have been extensively used in the aerospace industry and biomedical 
engineering owing to their high strength, low weight and excellent corrosion resistance. 
However, titanium alloys are difficult to machine due to their low thermal conductivities 
which result in high cutting temperature, short tool life and premature tool failure[146]. 
During the machining process, the large amount of heat generated at the machining zone 
affects the hardness of the tool and the sharpness of tool edge; therefore, various 
metalworking fluids, or coolants, have to be applied to reduce the cutting temperature by 
lubricating the cutting region and removing excessive heat.  
A suitable cutting fluid is critical for reducing the high temperature in machining titanium 
alloys. To meet strict government regulations and address environmental concerns, recently 
various researches have been conducted to achieve eco-friendly and sustainable 
manufacturing by using different cooling agents and methods such as liquid nitrogen      , 
vegetable oil and minimum quantity lubrication (MQL) [147-150]. For example, Yildiz and 
Nalbant [151] reviewed the application of liquid nitrogen and concluded that it had better 
performance in the reduction of cutting temperature than conventional coolant. Courbon et al. 
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[152] found that high-pressure cooling assisted machining could result in better surface 
quality and less tool wear, as compared to regular cooling pressure in machining Inconel 718. 
In cryogenic turning of Ti-6Al-4V, Bordin et al. [153] investigated the feasibility of applying 
cryogenic cooling and found that it could substantially reduce the temperature in the cutting 
zone. Ahmed and Kumar [50] found that using cryogenic     coolant could reduce surface 
roughness, cutting force and cutting temperature by 51.67%, 9.67% and 61%, respectively. 
To enhance the thermal conductivity of cutting fluids, highly thermal conductive solids were 
added into coolants in many cases. For instance, Su et al. [154] used vegetable-based oil 
mixed with graphite nanoparticles in turning AISI 1045 with MQL method and found it could  
significantly reduce cutting force and cutting temperature. However, the use of liquid 
nitrogen to cool cutting tools was inefficient. It required high flow rates, and the cryogen 
vaporized before it could get to the cutting interface, losing most of its cooling ability. 
Graphene oxide (GO) nanoparticles have high lubrication capability and high thermal 
conductivity (up to 5000           . These exceptional properties make graphene oxide 
nanoparticles an ideal heat transferring agent in metalworking processes particularly in 
machining difficult-to-machine materials such as Ti-6Al-4V. Elomaa et al.[65] found that 
water mixed with GO powder had smaller friction coefficient in comparison with pure water 
and with the increase in concentration, the lubrication ability was increased. Chu et al.[60] 
found that the thermal conductivity of graphene oxide fluids was increased by 16% and the 
dynamic viscosity was reduced by 22% when the concentration of GO suspension was 0.5 
wt.%. The increased lubrication capability and thermal conductivity of GO nanofluids could 
result in lower cutting force, reduced cutting temperature and improved surface finish of 
workpiece. Liang et al. [155] recently confirmed that GO film could protect workpiece 
surface due to the reduced friction coefficient. Samuel et al.[66] presented that, when 
graphene colloidal suspensions were applied, the cutting temperature was reduced by 58% 
and the cutting force was reduced by 26%; whereas Yi et al. [57] pointed out that graphene 
suspended coolant had similar performance as     cryogenic cooling, but the equipment is 
much easier to set up.  
To analyse the effects of GO nanofluids on cutting temperature and cutting force, in addition 
to experimental methods, numerical method is an important approach to find the relationship 
between cutting parameters and the predicted results. Finite element analysis (FEA) is such a 
method which has been extensively used in industry and manufacturing engineering[156]. 
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For example, Cheng et al. [157] developed a cutting temperature model of diamond tools and 
found that  cutting heat would decrease the cohesion energy of carbon and weaken the 
bonding of C–C and thus resulted in unexpected tool wear. Wang et al. [158] analysed the 
penetration of metalworking fluid into the cutting zone in orthogonal cutting and based on the 
Navier-Stokes modelling and a modified version investigated the lubrication property of 
cutting fluids. Childs [159] created the FEA model to analyse the friction effects  of metal 
cutting fluids and illustrated that the fluids could penetrate the lower stressed contact region 
where the chip left the contact area. With the simulated temperature being 94% closer to the 
experimental results, Josyula et al. [160] found that cryogenic machining was given a 43% 
average reduction in cutting temperature than dry cutting. 
Although the research on the application of graphene based cutting coolants has been carried 
out by many researchers, there is still a lack of clear understanding of its working 
mechanisms and in-depth analysis of its effects on cutting temperature and force particularity 
the mathematical relationship between the effects of cutting fluids in the manufacturing 
process and cutting parameters.  This chapter investigates the turning of Ti-6Al-4V with 
PCBN tools with various GO nanoparticle suspended fluids as cooling media. Two new finite 
element models were developed by integrating the application of different types of fluids to 
analyse the effects of GO nanofluids on cutting force and cutting temperature. The lubrication 
and heat generation mechanisms in turning processes were analysed and discussed. In order 
to validate the model, additional turning experiments using conventional cutting fluid and GO 
nanofluids were conducted to compare the results with calculated outcomes. 
 
3.2 Modelling 
3.2.1 Thermal and heat transfer analysis in turning process 
In a turning process, the high cutting temperature is caused by the large amount of heat 
generated by plastic deformation and friction in three different cutting zones (Fig. 3.1(a)): the 
primary deformation zone (shear zone), the secondary deformation zone (tool-chip interface) 
and the tertiary deformation zone (elastic deformation). Most of the heat is generated at tool-
chip interface and the shear zone. Approximately 60%–80% of the total heat is carried away 
at the tool-chip interface, while the shear zone drawing 10%–20% of the total heat away, and 
10% of the heat is drawing away at the elastic deformation zone [161]. 
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Fig.3.1 The heat transfer during the orthogonal cutting process: (a) three main heat generation; 
(b) GO nanoparticles in CC coolant; (c) 2D structure of GO. 
Heat transfer coefficient   can be used to describe convective heat transfer efficiency. Its 
value can be calculated by Eq.(3-1): 
  
 
     
  (3-1) 
where   is heat flux,    is workpiece temperature,    is the temperature of cutting fluids. 
 
GO nanoparticles have outstanding lubrication properties due to their large specific surface 
areas. Fig. 3.1(b) shows the single-layer flake of GO nanoparticles in conventional coolant. 
GO contains epoxy bridges, hydroxyl groups and pairwise carboxyl groups, which make GO 
much more active than graphene (Fig. 3.1(c)) [162].  Graphene oxide, as a type of 2D 
material, is easily enriched at the oil/water interface when drops of chloroform are spread into 
the dispersion. It changes the composition of the fluids and enhances the heat transfer 
capability of the base fluids.  
 
The thermal conductivity of the new nanofluids can be calculated by Eq. (3-2) [110].  
      (        ( (     )    ))  (                 ) (3-2) 
GO in conventional coolant 
 
GO structure with functional groups. A: Epoxy bridges; 
B: Hydroxyl groups; C: Pairwise carboxyl groups. 
(a) (b) 
(c) 
(a) 
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where   is the volume fraction of GO particles,    ,   ,    is the thermal conductivity of 
GO nanofluids, CC coolant and GO particles, respectively;    is an empirical scaling factor; 
the effective density of GO nanofluids     is given by Eq. (3-3): 
                 (3-3) 
where     is the density of GO particle and    is the density of conventional coolant. 
Similarly, the specific heat of GO nanofluids     can be calculated by using the following 
equation: 
    
 
   
(                     ) (3-4) 
where    is the specific heat of GO particles,    is specific heat of conventional fluids. 
Volume fraction   is calculated from weight fraction    by using Eq. (3-5) 
  
     
  
 (3-5) 
Based on Equations (3-1) to (3-5), the heat transfer coefficients of nanofluids with different 
GO volume fractions were calculated and plotted in Fig. 3.2 It can be seen that with the 
increase in volume fraction, the heat transfer coefficients are linearly increased. 
 
Fig. 3.2 Heat transfer coefficient with different GO volume fraction  
Generally, the high temperature produced in the machining process is mainly due to the 
concentration of heat generated in the small cutting zone and the adiabatic nature of the 
process in which less heat is drawn away from the cutting area because of the short contact 
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time [163]. With the increase in heat transfer coefficient, the temperature would be possibly 
decreased. The relationship between the cutting speed, chip velocity and heat flux generated 
by friction force is shown in Eq. (3-6) and Eq. (3-7). 
        (3-6) 
    
        
            
 (3-7) 
where    is the heat flux,     is friction force,    is chip velocity,   is cutting velocity,   
is shear angle,   is rake angle,   is chip flow angle and   is inclination angle 
   is derived from the cutting force and chip thickness to be calculated by using Equation (3-
24) in Section 2.2. The ratio of heat transferred to the tool is determined by the heat partition 
factor K, which could be calculated by Eq. (3-8) and the heat generated by the tool (       
and chip (     ) are given by Eq. (3-9) and Eq.( 3-10).  
       
     
   
√
   
   
    (3-8) 
       (
         
 
)          (3-9) 
       (
         
 
)          (3-10) 
where    is the thermal conductivity of tool insert,    is the thermal conductivity of CC 
coolant and    is the thermal conductivity of workpiece,   is thermal diffusivity of 
titanium alloy,       is ambient temperature 
 
The initial temperature in the analysis was the room temperature which was 20  [164]. The 
boundary temperature at the end of workpiece surface opposite to the insert was assumed to 
be 20  as well. The boundary condition of free convection in the air was applied to the 
titanium alloy workpiece for wet turning. The cutting tool was fixed while the workpiece was 
rotating. The boundary condition of the workpiece was forced convection and the heat flux 
       is the product of heat transfer coefficient   and temperature difference between fluid 
and room   . 
 
Since the heat generated in the turning process was mainly produced in the primary 
deformation zone and the second deformation zone (Fig.1), the cutting temperatures in the 
tool-chip contact area and shear zone are given by Eq. (3-13) and Eq. (3-14). 
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                   √
 
       
   (3-12) 
                   √
 
           
  (3-13) 
        (3-14) 
 
where   is the length of the tool-chip contact length and shear zone length,    is the ratio 
of characteristic length,    is the undeformed chip thickness and   ,    are the empirical 
constants. 
 
Based on the Johnson-Cook phenomenological constitutive model [165], Eq. 3-15 was used 
in ABAQUS to calculate flow stress. The separated effects of strain hardening and thermal 
softening were considered.  
               (
  
   
)    (
       
        
)
 
  (3-15) 
where  ,  ,   are yield stress, factor of pre-exponential and factor of strain rate, 
respectively;  ,  ,   ,     are effective flow stress, plastic strain, effective plastic strain rate 
and reference plastic strain rate, respectively;   is work-hardening exponent,   is thermal-
softening exponent;   is the temperature of the material, and    is the melting point of the 
material. The values of the parameters are shown in Table. 3.1  
 
Table. 3.1 The parameters of Johnson-Cook constitutive model  
Set             A         B         n         C           m              
Johnson-Cook   875        793      0.386      0.012        0.71          1 
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Table. 3.2 Physical properties of Workpiece and Insert 
Property                    PCBN010 insert            Ti-6Al-4V 
Density(g/cm
3
)                4.08                        4.44 
Modulus of elasticity (GPa)      588                         112 
Specific heat(J/gK)             669                         678 
Thermal conductivity(W/mK)     38.2                        6.8 
Expansion coefficient(10
-6
K
-1
)     5.2                         9.4 
      (                      1560                        1560 
      (                      20                          20 
Poisson’s ratio(GPa)            0.19                        0.34 
Inelastic heat fraction            0.9                          - 
Elastic bulk wave velocity        5.13                         - 
Slope in   versus    diagram,   1.028                         - 
Gruneisen coefficient,           1.23                          - 
 
The damage parameter   could be defined as: 
  ∑ 
  
  
                                                                   
(3-16) 
where    and    is the increment of the equivalent plastic strain and strain at failure, 
respectively.  
 
When the damage parameter is greater than 1, it is assumed the failure had occurred. The 
strain at failure could be calculated by Eq. (3-17)[165]: 
   *        (  
 
 
)+         (
  
   
)                         3- (17) 
where   to    are failure parameters tested and the physical properties of the workpiece 
and tool are listed in Table 3.2, while the Johnson-Cook constitutive and fracture parameters 
of Ti-6Al-4V used in Johnson-Cook model are listed in Table 3.3 ([166]). 
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Table 3.3 Johnson-Cook fracture model parameters of Ti-6Al-4V 
failure parameters                                               Values                          
                                                              -0.09 
                                                              0.27 
                                                              -0.484 
                                                              0.013 
                                                              3.86 
                                                                 1 
 
3.2.2 Orthogonal cutting force model 
The process of calculating cutting force is schematically illustrated in Fig. 3.3.  
 
                                            Fig. 3.3 Flow chart of the calculation 
of cutting force 
The specific normal force and specific friction force are affected by chip thickness, cutting 
velocity and indirectly coolant pressure. Measured cutting force and cut chip thickness were 
used to calculate specific normal force, specific friction force and shear angle, which are 
shown as follows: 
                                                         (3-18) 
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                                                      (3-19) 
                                                                      
(3-20) 
where           are empirical constants,   is cutting velocity,   is the rake angle and CL is 
coolant pressure,     and    are the cut chip thickness and uncut chip thickness, 
respectively.    and    are the specific normal force and specific friction force, 
respectively. 
The above equations are based on Colwell method [167] by integrating coolant pressure CL. 
In calculating friction force, the effect of nanofluids has to be taken into account. Chip load, 
normal force and friction force could be calculated by using tool nose radius, feed rate and 
cutting depth with Equations 3-21 to 3-23.   
        {
 
 
(     √    
  
 
)  
  
 
 
     (
 
   
)} (3-21) 
|   |         (3-22) 
|   |               (3-23) 
where    is normal force,    is friction force,    is chip load,   is feed rate,   is cutting 
depth,    is tool nose radius, 
The relationship between fluid friction and heat transfer coefficient could be expressed with 
Eq. (3-24). 
  
 
   
√   
 
 (3-24) 
where   is heat transfer coefficient,   is density,   is specific heat,   is fluid velocity,    
is Prandtl Number and   is friction coefficient.  
Cutting forces were predicted by solving force and moment equilibrium equations around a 
chip body shown in Fig. 3.4(b). 
|   |  |   |          |   |      (3-25) 
|   |  |   |          |   |          |   |             (3-26) 
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|   |  |   |          |   |              |   |           (3-27) 
where   is chip flow angle,    is thrust force perpendicular to the finished work surface,    
is cutting force parallel with the cutting speed,    is lateral force perpendicular to    and   . 
Based on   ,    and    which are achieved by using Equations 3-25 to 3-27 and integrating 
all the elements, the total cutting force can be found: 
       ∑    (3-28) 
 
 
Fig. 3.4 Schematic drawing of the turning force model: (a) Cutting force distribution model; 
(b) Coordinate and cutting geometry of an oblique cutting segment 
3.3 Experiment details 
3.3.1 Experiment setup and design 
The stock of the titanium alloy (Ti-6Al-4V) workpiece was a round bar with the dimension of 
                             . Fig.3.5 shows the schematic drawing of the setup of 
the turning experiment. The thermocouple was mounted in a hole drilled on the rake surface 
of the tool at a place which was very close to the cutting zones (Fig. 3.5). A special device 
was designed and manufactured to mount the tool on the tool holder. The cutting temperature 
was sampled every five seconds in the experiments. A six component dynamometer (Kistler 
9257B) was mounted underneath the coolant tank, the dynamometer was connected to Kistler 
5010 amplifier to measure the cutting force. An eight channel charge amplifier (Kistler 
(a) (b) 
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5070A) was used to amplify the signals which were transferred to the data acquisition card 
(NI DAQ DE6213). The cutting force signals were processed with LabView. 
 
Fig.3.5 Schematic drawing of the turning experiment 
 
3.3.2 Coolant preparation 
The base cutting fluid used in the experiment was ROCOL_Ultracut Clear (ITW 
Polymers&Fluids Co., Ltd Australia). The composition of the fluid is shown in Table 3.4. No 
surfactant was used as it might affect the thermal conductivity of the nanofluids. The average 
particle size of GO nanoparticles used in this study was 50 nm with the purity of 99%. 
Nanofluids with particle weight concentrations of 0.1 wt.%, 0.3 wt.%, 0.5 wt.% were 
prepared by using an ultrasonic processor (500 W, 20 kHz) to break large agglomerates of 
nanoparticles in the base fluid. 
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Table 3.4 ROCOL_Ultracut Clear coolant composition 
Mineral oil (solvent refined)                        25% 
Saponified natural oil          25% 
Corrosion inhibitor          0.95% 
Biocide          0.9% 
Fluorescein dye         0.9% 
Water         47% 
Density         0.95g/cm
3 
 
The turning experiments were carried out on a CNC milling machine (HASS) with the 
workpiece being mounted in the spindle. The cutting parameters of the turning experiment 
were shown in Table 3.5.  
Table 3.5 Cutting parameters for turning tests 
Cutting speed (m/min)                     240/160/80 
Feed (mm/rev)                0.1/0.05 
Cutting deepness (mm)             0.1 
Concentration (wt.%)               0.5/0.3/.01 
Pressure(Bar)                                           10/1 
Coolant                                    GO suspended fluid/ CC coolant 
 
3.3.3 Temperature measurement with the thermocouple 
The tool insert was clamped onto a tool holder shown in Fig. 3.6 (a). A small hole was made 
in the tool by using wire-EDM. The hole would ensure that the K-type thermocouple 
(OMEGA 5TC-TT-K-40-36) was mounted securely on the tool, as shown in Fig. 3.6(b). 
High-temperature cement (OMEGA OB-400) was used to fix the thermocouple in the hole on 
the rake face of the tool. The thermocouple was calibrated by using the MS7220 
thermocouple calibrator (Fig. 3.6(e)). The reference junction error was        when 
maximum input voltage was 30V. The measured electric potentials when the temperature was 
0  , 20 , 40 , 60 , 80 , 100   were plotted in Fig. 3.7. The reference junction error of 
the calibrator was       when maximum input voltage was 30V. The linear correlation 
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between the temperature     and e.m.f.     was observed (Fig. 3.7). Results are calculated 
with Eq. (3-29). 
         (3-29) 
where   is cutting temperature,   is measured electric potential,    and    are constant 
coefficient. 
 
Fig. 3.6 Tool inserts and thermocouple (a) tool insert with the thermocouple; (b) 
thermocouple inside the tool; (c) Signal collector; (d) MS7220 thermocouple calibrator. 
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Fig. 3.7 Electric potential of the PCBN inserts at different temperatures 
 
3.4 Temperature simulation and experimental validation analysis in turning process 
The heat generated in the metal cutting process strongly influences the cutting characteristics 
such as cutting temperature and force. ABAQUS FEA was used for analysing the cutting 
temperature when two different coolants were applied. Fig. 3.8 shows calculated cutting 
temperatures when different feed rates, cutting speeds and coolant pressures were used while 
CC coolant was applied. In Figures 3.8(a) to 3.8(c), the cutting temperature increased with 
the increase in cutting speed, from 423.68°C to 502.99°C and 517.60°C, respectively. In 
Figures 3.8(d) to 3.8(f), the cutting temperature was higher when feed rate was increased 
from 0.05mm/rev to 0.1mm/rev. This is because a larger feed rate resulted in larger feed force, 
which, in turn, increased the cutting load. This load further increased elastic and plastic 
deformation, which resulted in the increase in temperature. Furthermore, Figures 3.8 (g) to 
3.8 (i) illustrate the results when high- pressure CC coolant was applied. Compared to Figures 
3.8 (a) to 3.8 (c), the higher coolant pressure resulted in lower cutting temperatures, which 
decreased by 38.55°C. The reason was that the delivery of cutting fluids at high pressure 
resulted in better access of the coolant to the tool-chip interface and subsequently reduced the 
cutting temperature; higher pressure also provided better lubrication at the tool chip-tool 
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interface and consequently resulted in the deceleration of the development of tool wear and 
led to substantially lower cutting forces. 
(a) Feed rate: 0.05 mm/rev 
Coolant: CC coolant 
Cutting speed: 80 m/min 
Coolant pressure: 1 Bar 
(b) Feed rate: 0.05 mm/rev 
Coolant: CC coolant 
Cutting speed: 160 m/min 
Coolant pressure: 1 Bar 
(c) Feed rate: 0.05 mm/rev 
Coolant: CC coolant 
Cutting speed: 240 m/min 
Coolant pressure: 1 Bar 
   
(d) Feed rate: 0.1 mm/rev 
Coolant: CC coolant 
Cutting speed: 80 m/min 
Coolant pressure: 1 Bar 
(e) Feed rate: 0.1 mm/rev 
Coolant: CC coolant 
Cutting speed: 160 m/min 
Coolant pressure: 1 Bar 
(f) Feed rate: 0.1 mm/rev 
Coolant: CC coolant 
Cutting speed: 240 m/min 
Coolant pressure: 1 Bar 
   
(g) Feed rate: 0.05 mm/rev 
Coolant: CC coolant 
Cutting speed: 80 m/min 
Coolant pressure: 10 Bar 
(h) Feed rate: 0.05 mm/rev 
Coolant: CC coolant 
Cutting speed: 160 m/min 
Coolant pressure: 10 Bar 
(i) Feed rate: 0.05 mm/rev 
Coolant: CC coolant 
Cutting speed: 240 m/min 
Coolant pressure: 10 Bar 
   
Fig.3.8 Temperature field with CC coolant under different cutting conditions  
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Fig.3.9 presents the cutting temperature fields under different cutting conditions when GO 
nanofluids were applied. It can be seen in Figures 3.9(a) to 3.9(c) that cutting speeds of 80 
m/min, 160 m/min and 240 m/min resulted in the cutting temperatures of 420.78°C, 470.70°C 
and 491.24°C, respectively; while compared with CC coolant under the same cutting 
conditions, the temperatures were 4.20%, 8.43% and 5.37% lower respectively. Figures  
3.9(d) to 3.9(f) show that the cutting temperature would rise when feed rate increased to 0.1 
mm/rev, but it was still lower than when CC coolant was used. Moreover, when higher 
pressure GO nanofluids were used, the cutting temperature was reduced by 4.04% as 
compared to that when CC coolant was applied. This was partially because the small particle 
sizes of GO nanoparticles improved the dispersion of the suspensions in comparison with 
micro-scale particle size and led to the increase in lubrication capacity. Figures 3.9(j) to 3.9(o) 
show the FEA results when GO concentration was 0.3 wt.% and 0.5 wt.%, respectively. It 
can been seen that the cutting temperature dropped when the concentration increased. This is 
owing to the increases in thermal conductivity    of GO suspended fluids which was caused 
by the increase in concentration, as shown in Table 3.5. It is obvious that GO nanofluids with 
0.1 wt.%, 0.3 wt.% and 0.5 wt.% concentrations of nanoparticles have considerably higher 
thermal conductivities than the CC coolant.  
(a) Feed rate: 0.05 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 80 m/min 
Coolant pressure: 1 Bar 
(b) Feed rate: 0.05 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 160 m/min 
Coolant pressure: 1 Bar 
(c) Feed rate: 0.05 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 240 m/min 
Coolant pressure: 1 Bar 
   
(d) Feed rate: 0.1 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 80 m/min 
Coolant pressure: 1 Bar 
(e)Feed rate: 0.1 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 160 m/min 
Coolant pressure: 1 Bar 
(f) Feed rate: 0.1 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 240 m/min 
Coolant pressure: 1 Bar 
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(g) Feed rate: 0.05 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 80 m/min 
Coolant pressure: 10 Bar 
(h) Feed rate: 0.05 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 160 m/min 
Coolant pressure: 10 Bar 
(i) Feed rate: 0.05 mm/rev 
Coolant: 0.1 wt.% GO Coolant  
Cutting speed: 240 m/min 
Coolant pressure: 10 Bar 
   
(j) Feed rate: 0.05 mm/rev 
Coolant: 0.3 wt% GO Coolant  
Cutting speed: 80 m/min 
Coolant pressure: 1 Bar 
(k) Feed rate: 0.1 mm/rev 
Coolant: 0.3 wt %GO Coolant 
Cutting speed: 80 m/min 
Coolant pressure: 1 Bar 
(l) Feed rate: 0.05 mm/rev 
Coolant: 0.3 wt % GO Coolant 
Cutting speed: 80 m/min 
Coolant pressure: 10 Bar 
   
(m) Feed rate: 0.05 mm/rev 
Coolant: 0.5 wt %GO Coolant 
Cutting speed: 80 m/min 
Coolant pressure: 1 Bar 
(n) Feed rate: 0.1 mm/rev 
Coolant: 0.5 wt %GO Coolant 
Cutting speed: 80 m/min 
Coolant pressure: 1 Bar 
(o) Feed rate: 0.05 mm/rev 
Coolant: 0.5 wt %GO Coolant 
Cutting speed: 80 m/min 
Coolant pressure: 10 Bar 
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Fig.3.9 The PCBN insert machining Ti-6Al-4V progression of the FEA temperature field at 
different stage with GO coolant. 
Table 3.6 Model of physical properties fluid under different conditions  
Fluid type          Density          Specific heat             Thermal conductivity 
                  (g/cm
3
)            (J/g.K)                      (W/m.K) 
CC coolant          0.95              4.186                         0.15 
0.1wt.% GO fluid     1.91              3.97                          8.37 
0.3wt.% GO fluid     1.27              3.56                          31.71 
0.5wt.% GO fluid     1.45              3.14                          73.56 
 
Fig. 3.10 shows the heat flux vector (HFL) at different stages when two different fluids were 
applied. Chen et al. [168] mentioned that HFL mainly emerged from the primary deformation 
zone, most of the heat was generated by plastic deformation rather than the friction in the 
cutting zone. It can be clearly seen that heat flux under CC coolant would result in much 
more heat. From Fig 3.10(b) it can be concluded that when using GO suspended fluid, less 
heat is generated. In both cases, the heat transfer direction is mainly towards tool-chip 
interface and the shear zone. 
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Fig.3.10 The tool and workpiece HFL field at different stage: (a) under CC coolant; (b) under 
GO coolant. 
Fig.3.11 shows the average experimentally measured temperature at the tool-chip interface 
(TCIT) under different machining conditions. Generally, the cutting temperature at the tool-
chip interface with GO nanofluids was lower than that with CC coolant. Fig 3.11(a) shows 
the TCIT under the condition of 0.05 mm/rev and 1Bar pressure with different types of 
coolants. In Fig. 3.11(b), the increase in feed rate results in higher cutting temperature 
compared with Fig. 3.11(a). The cutting temperature was lower when GO nanofluids were 
used in comparison with that when CC coolant was applied. In Fig 3.11(c), the coolant 
pressure was increased to 10 Bar, the TCIT generally was reduced compared with that of 
lower coolant pressure. When GO nanofluids were applied, the reduction of TCIT was 
50.53°C. By comparing the simulation results (Fig. 3.9 and Fig. 3.10) with experimental 
measurements (Fig. 3.12), it can be seen that the simulation results were close to the 
experiment outcomes, which indicated the thermal model was reliable. Since the effects of 
nanofluids have been taken into account in FEA modelling, it can be seen in the simulation 
results that the temperature of using CC is higher than that of using GO fluids. 
(a) (b) 
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Fig 3.11 Average tool-chip interface temperature under different processing conditions: (a) 
feed rate=0.05 mm/rev, coolant pressure=1 Bar; (b) feed rate=0.1 mm/rev, coolant pressure=1 
Bar; (c) feed rate=0.05 mm/rev, coolant pressure=10 Bar. 
3.5 Force modelling and experimental validation analysis in turning process 
Fig.3.12 shows the calculated cutting forces and experimental results when both GO 
nanofluids and CC coolant were applied. The dotted line stands for the simulation results and 
the solid line stands for the measured force obtained in the experiments. It can be seen in Fig. 
3.12 (a) that, with CC coolant, the cutting forces increased when cutting velocity increase. 
While under the same cutting conditions, when GO nanofluids were applied, the cutting force 
decreased by up to 43.42%. This phenomenon was expected because GO nanoparticles have 
much higher thermal conductivity, which increased coolant’s thermal conductivity leading to 
the drop in cutting temperature, the cutting force with GO nanofluids was therefore lower 
than that of CC fluids [155]. However, when the concentration of GO nanofluids increased to 
0.5 wt.%, it could be found that the reduction rate of cutting force was lower than when it 
was 0.3 wt.%. This phenomenon might be because higher concentration led to particles 
agglomerates and GO nanofluids thus lost some of its lubrication capability. When feed rate 
was increased to 0.1 mm/rev (Fig. 3.12 (b)), the cutting force increased by 35.86% compared 
with that of lower feed rate when CC coolant was applied. While, the cutting force decreased 
by 37.43% when GO nanofluids were applied. In the case of GO nanofluids, comparing with 
when the feed rate was 0.05 mm/rev, the cutting force increased by 25%. This was because 
that the increase in feed rate resulted in a large number of chips generated in the cutting zone, 
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in turn, increased the friction force between tool and chips. This would lead to the generation 
of more heat. However, GO nanoparticles belong to nanoscale materials, which could easily 
get into the cutting zone compared with CC coolant. This is another reason why cutting force 
was lower when GO nanofluids were used. Fig. 3.12(c) shows the results of applying high 
pressure coolant, i.e., 10 Bar. It can be seen that generally the cutting force was lower as 
compared to that when the pressure was 1 Bar (Fig. 3.12(a)). This was attributed to the 
mechanical effect of the jet: under high pressure, more fluids were able to reach the cutting 
zone, which took away more heat; and the high-pressure coolant was able to flush away the 
chips from the tool rake face and thus reduced the contact area. Under the same cutting 
condition, when GO nanofluids were used, the reduction in cutting force was about 41.17%.  
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Fig 3.12 Cutting force model(MO) & the experiment test results(EX) with GO nanofluids and 
CC coolant: (a) feed rate=0.05 mm/rev, pressure=1 Bar; (b) feed rate=0.1 mm/rev, 
pressure=1 Bar; (c) feed rate=0.05 mm/rev, pressure=10 Bar.  
  
Fig 3.13 TEM images of GO nanoparticles: (a) GO sheets; (b) Few-layer GO sheets. 
In Table 3.6, it can be seen that the friction force increased by 3.32% with the increase in 
cutting speed when CC coolant was applied. Compared with GO nanofluids, the friction force 
was decreased by about 4.01%, 5.36% and 3.37%, respectively in using 0.1 wt.%, 0.3 wt.% 
and 0.5 wt.% of GO nanofluids. This reduction resulted in smaller cutting force as compared 
to CC coolant. This is one of the evidence that the GO nanofluids increased the coolant 
lubrication and reduced the friction force between tool and workpiece. Raman spectra of 
graphene oxide and thermally reduced graphene oxide were analyzed in order to relate 
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spectral parameters with the structural properties. The chemical composition of different 
graphene oxides was determined by organic elemental analysis, and the microstructure of 
nanocrystals was analyzed by X-ray diffraction [156]. 
Table 3.7 Friction force under different coolant and parameters 
Cutting speed     Feed rate     Coolant pressure    Coolant type     Friction force 
(m/min)         (mm/rev)         (Bar)                              (N) 
80              0.05            1            CC coolant          98.12 
160             0.05            1            CC coolant          99.54 
240             0.05            1            CC coolant          101.38 
80              0.05            1            CC coolant          100.99 
160             0.05            1            CC coolant          104.40 
240             0.05            1            CC coolant          107.23 
80              0.05            10           CC coolant          96.32 
160             0.05            10           CC coolant          97.24 
240             0.05            10           CC coolant          99.78 
80              0.05            1         0.1wt.% GO coolant      90.17 
160             0.05            1         0.1wt.% GO coolant      92.44 
240             0.05            1         0.1wt.% GO coolant      93.78 
80              0.05            1         0.1wt.% GO coolant      96.29 
160             0.05            1         0.1wt.% GO coolant      97.60 
240             0.05            1         0.1wt.% GO coolant      98.73 
80              0.05            10        0.1wt.% GO coolant      87.32 
160             0.05            10        0.1wt.% GO coolant      89.34 
240             0.05            10        0.1wt.% GO coolant      91.98 
80              0.05            1         0.3wt.% GO coolant      88.06 
160             0.05            1         0.3wt.% GO coolant      89.84 
240             0.05            1         0.3wt.% GO coolant      92.78 
80              0.05            1         0.3wt.% GO coolant      94.89 
160             0.05            1         0.3wt.% GO coolant      96.41 
240             0.05            1         0.3wt.% GO coolant      97.75 
80              0.05            10        0.3wt.% GO coolant      83.02 
160             0.05            10        0.3wt.% GO coolant      85.12 
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240             0.05            10        0.3wt.% GO coolant      86.31 
80              0.05            1         0.5wt.% GO coolant      85.45 
160             0.05            1         0.5wt.% GO coolant      86.91 
240             0.05            1         0.5wt.% GO coolant      87.38 
80              0.05            1         0.5wt.% GO coolant      92.60 
160             0.05            1         0.5wt.% GO coolant      93.71 
240             0.05            1         0.5wt.% GO coolant      95.42 
80              0.05            10        0.5wt.% GO coolant      80.05 
160             0.05            10        0.5wt.% GO coolant      81.56 
240             0.05            10        0.5wt.% GO coolant      83.41 
 
Fig. 3.14 presents the variation of equivalent von Mises stresses in different fluids 
environment. The local von Mises stresses mainly were generated in the tool-chip interface 
area, which is up to 1292.55 MPa in using CC fluids. However, in using graphene oxide 
nanofluids, the von Mises stresses are 1288.05 MPa, 1265.51 MPa and 1261.09 MPa, 
respectively with 0.1 wt.%, 0.3 wt.% and 0.5 wt.% GO nanofluids.  
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Fig. 3.14 Effect of different fluids on equivalent von Mises stress distribution (MPa): (a) CC 
coolant; (b) 0.1 wt.% GO nanofluids; (c) 0.3 wt.% GO nanofluids; (d) 0.5 wt. GO nanofluids. 
 
3.6 Conclusion 
In this chapter, new finite element models of cutting temperature and cutting force were 
developed and validated in turning of Ti-6Al-4V with CC coolant and GO nanofluids to 
investigate the mechanism and effects of GO nanofluids on cutting temperature and cutting 
force. Based on the findings, following conclusion was reached: 
 The cutting temperature and cutting force calculated with FEA models matched very 
well with the experimental measurements. Lower cutting temperature and cutting 
force were achieved in simulation and experiment when GO nanofluids were used.  
Graphene oxide nanosheet dispersed in the conventional coolant without surfactant 
evidently improve thermal conductivity compared to the conventional coolant. 
 
 GO nanoparticles could increase the lubrication and reduce friction force. Reduction 
of friction of about 4.01%, 5.36% and 3.37% were achieved when 0.1 wt.%, 0.3 wt.% 
and 0.5 wt.% GO nanofluids were applied. With the increase in the concentration of 
GO nanofluids, the cutting temperature and cutting force generally dropped. However, 
the reduction rate of cutting force when the concentration was 0.5wt.% was lower 
than that of 0.3 wt.%.  
 
 The proposed model has the capability to serve as an effective alternative for 
experimental studies. The model is capable of estimating the distribution of heat 
generation, cutting temperature and cutting force during the turning process. 
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Chapter 4 Investigation of machining Ti-6Al-4V with graphene oxide 
nanofluids: tool wear, cutting forces and cutting vibration 
In this chapter, three different types of graphene oxide (GO) nanofluids with various GO 
concentrations were applied in a series of cutting experiments. Tool wear, cutting force and 
the vibration in turning titanium alloy with the new nanofluids as well as conventional 
coolant were analysed.  The working mechanism and different cutting effects caused by the 
variation of GO concentration and coolant pressure were discussed. The results show that the 
cutting force was reduced by 50.83% when GO nanofluids were used. The amplitudes of 
vibration in the turning Ti-6Al-4V with GO nanofluids was significantly lower than that in 
using base fluids. While the Build-up-Edge (BUE) and adhered layers on the rake face were 
less than those formed in using conventional coolant, the reduction of flank wear was up to 
44.1%, 53.9% and 71.3% respectively when GO nanofluids with the concentration of 0.1   
wt.% GO, 0.3 wt.% GO and 0.5 wt.% GO were applied..  
4.1 Introduction 
The excellent mechanical and physical properties of titanium and its alloys make them the 
most commonly used superalloys in the aerospace industry and biomedical engineering [54, 
57, 169, 170]. Due to their high strength, low modulus and low thermal conductivity (7.3 
W/m/K of Ti-6Al-4V), titanium alloys are extremely difficult to machine [171, 172]. The low 
thermal conductivity used to cause high temperature in the cutting area because of the 
accumulation of the large amount of heat generated in the cutting region, which in turn results 
in severe tool wear, shorter tool life and poor surface quality of the workpiece.  
Tools made of conventional materials suffers from unacceptable short tool life in machining 
titanium alloys [61]. Polycrystalline cubic boron nitride (PCBN) composites are produced by 
sintering micron cubic boron nitride (CBN) powders with various ceramics. Due to its ultra-
hardness and higher than diamond thermal resistance, it has been used successfully in 
machining titanium alloys. For example, Hirosaki et al. [173] found that the wear resistance 
of a binder-less PCBN tool was superior to those of the tools made of cemented carbide and 
PCD in machining bio-compatible titanium alloy. Zoya et al. [2] pointed out that a cutting-
speed range of 185 to 220 m/min can be recommended for the machining of titanium alloy. 
To solve the inherent poor machinability problem, many approaches have been developed to 
reduce the cutting temperature by using various cooling media and cooling strategies such as 
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vegetable oil, liquid nitrogen, air cooling and evaporative cooling. For example, Pereira et al. 
[174] investigated the application of cryogenic cooling and minimum quantity lubrication 
(MQL) in turning AISI304 and achieved an extension of 30% in tool life with the cryogenic 
cooling method. Khan et al. [175] found that using vegetable oil based cutting fluid in MQL 
could enable the reduction in average temperature at  chip–tool interface to be up to 10% as 
compared to wet machining. Paul et al. [176] investigated the effects of cryogenic cooling by 
comparing it with wet machining and found that tool wear in turning AISI 1060 steel was 
significantly reduced. Ganguli and Kapoor [177] reported that tool life could be extended by 
75% when using atomization-based cutting fluid application system. Cutting condition is 
another factor that would affect tool wear and cutting force. When machining titanium alloy 
with higher coolant pressure, Mozammel et al. [178] found that higher coolant pressure could 
result in an increase of at least 40% in  tool life because it made the coolant to reach the 
cutting zone easily, and thus promoted the lubrication at the tool-workpiece interface. 
However, the cooling amelioration MQL and cryogenic cooling achieved is limited [179]. 
Except in some special applications where a flood cooling system is not practical, for 
example, robot-based drilling of large components and turning of large-sized parts, the rate of 
adoption of MQL is still very low. 
Vibration in the machining system is an unavoidable phenomenon caused by high speed 
rotation of the workpiece coupled with the feed of the cutting tool. It is one of the main 
factors that contribute to sever tool wear and large cutting force.  Fang et al. [180] found 
that cutting vibrations complexly influenced by tool edge wear and other factors such as  
velocity, feed and workpiece materials. Dimla [181] pointed out that features of vibration 
signal were relevant to tool abrasion, and higher cutting vibrations led to shorten tool life and 
resulted  in premature tool failure. Therefore, a suitable lubricant method is essential for the 
machining processes. The coolant plays a significant role in removing the heat from the 
cutting area, sweeping away chips from the tool-chip contact area, and reducing the 
detrimental vibration occurred in the machining process. However, conventional coolants are 
not only weak in lubricating capability but also inefficient in swiftly removing the heat when 
cutting speed is high [16]. In industry, there is a pressing need for new cooling media which 
are more efficient and more environment-friendly. 
Many researches had been conducted in the last decade by using nanoparticles as an additive 
in the base fluids [52, 73, 87, 97, 116, 182, 183]. Depending on the type and proportion of the 
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materials, this method could not only increase the thermal conductivity and flash point of the 
coolants but also improve their lubricant capacity to different levels. Conventional materials 
such as aluminium, copper, iron, nickel, titanium, gold graphite and some composite 
nanoparticles had been attempted in many cases and some encouraging results have been 
achieved [53, 78, 85, 89, 184, 185]. However, the thermal conductivities of these 
nanoparticles are relatively low and the fluids display lower than expected heat transfer 
efficiency. Graphene oxide (GO) belongs to graphene’s ramification. Compared with 
graphene, the structure of graphene oxide contains oxygen functional groups. This functional 
group leads to high specific surface energy, excellent hydrophilicity and mechanical 
properties, and outstanding dispersion stability in water and most polar organic solvents. 
Graphene oxide not only has good wettability and surface activity, but also can be stripped by 
small molecule or polymer intercalation [186]. The outstanding thermal conductivity of 
graphene oxide is around 5000           [64]. This property enables GO nanoparticles 
to be an exceptional heat transfer media which can be added into the base fluids for 
machining titanium alloy. Amiri et al. [187] investigated the flash points of transformer oil 
and found that the flash point increased from 150.1  to 163.2 . Samuel et al. [66] used 
graphene oxide colloidal suspensions(GOCS) in machining steel with cubic-nitride cutting 
tool and found GOCS could result in an increase of 58.73% in lubrication, a drop of 58% in 
cutting temperature, and a reduction of 26% in cutting force. Ge et al. [188] found that 
graphene oxide nanoflakes used in ethanediol exhibited super lubricity capacity as compared 
with pure water. In machining AISI low carbon steel rod with PCD tool, Smith et al. [67] 
achieved a decrease of 50% in cutting temperature compared to the dry machining when 
graphene oxide colloidal was applied.  
However, although significant achievements have been achieved, so far it is still unclear how 
GO contributes to the reduction of tool wear and whether the vibration in the machining 
could be mitigated by using GO nanofluids as new cooling media. This chapter investigated 
the effects of graphene oxide nanofluids on tool wear, cutting force and cutting vibration in 
turning of Ti-6Al-4V with PCBN tools. A series of cutting experiments under different 
cutting conditions with different coolant pressure were conducted. GO nanofluids with 
different concentrations were tested in order to find working mechanism as well as the best 
performance of different types of fluids.  
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4.2 Experimental setup and data processing 
This section introduces the setup of the turning experiments, including the preparation of 
cutting tools, the selection of cutting parameters and machined tools, and the measurement as 
well as the processing of experimental data. 
 
4.2.1 Experiment preparation 
A Titanium alloy round bar (Ti-6Al-4V) was used as workpiece； its dimension was 
                              Because the dimension of the dynamometer used to 
measure cutting forces was big, a 3-axis CNC milling machine (HASS VF1-HRT160) instead 
of a CNC lathe which has not enough free space in the turret was employed in the experiment. 
The workpiece was fixed on the collet chuck mounted on the spindle of the milling machine, 
whereas the cutting tool was mounted on the machine table through a specially designed tool 
holder and fixture (Fig. 4.1). The section of the workpiece inside the chuck was 50 mm, the 
overhang length of the workpiece was therefore 115mm and the effective length/diameter 
ratio was about 5. Since the cutting depth was 0.1 mm, the cutting force generated in the 
turning process was not big enough as to cause serious vibrations. Considering the 
complexity of the experimental setup, no end-support of the workpiece was applied. The type 
of PCBN cutting tools used in the turning process was CCGW09T308S-L1, CBN010 (SECO 
TOOLS Co., Ltd Australia) and its tool geometry is listed in Table 4.1.  
A six component dynamometer (Kistler 9257B) was used to measure the cutting force. The 
accuracy of the dynamometer was ±0.2%. An eight channel charge amplifier (Kistler 5070A) 
was used to amplify the signals which were transferred to the data acquisition card (NI DAQ 
Card6036E). The uncertainty of the amplifier was 0.3%. The data acquisition card would 
transfer the signals which were processed with LabView to ensure the accuracy. The signals 
were processed with Lab-View. The experiment system also included a small pumping 
system shown in Fig.4.1; it was devised to supply graphene nanofluids during the experiment. 
The chemical compositions (wt.%) and mechanical properties of the workpiece are listed in 
Table 4.2 and Table 4.3, respectively [57].  The turning parameters are detailed in Table 4.4. 
To test the performance of the nanofluids in two extreme pressures (low and high) and 
investigate the influence of pressure on the performance of nanofluids, a pressure of 1 bar 
was used as the lowest pressure and 10 bar was used as the highest pressure. To test the 
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performance of the coolants at different cutting speeds, three different cutting speeds: 80 
m/min, 160 m/min and 240 m/min were selected as the low, normal and high cutting speeds. 
The cutting depth was 0.1 mm and feed rate were 0.1mm/rev and 0.05 mm/rev and they were 
fixed throughout the experiments. Due to nanofluids lubrication effects by the coolant 
pressure, higher and lower coolant pressure would be used to investigate the performance of 
the nanofluids lubrication on the cutting force and tool wear. 
A CAM software program EdgeCAM was used to generate cutting tool path. Its ―CSS 
(Constant Surface Speed) function would be able to enable the machine to maintain a 
constant cutting speed regardless of the tool's distance from the centreline by automatically 
adjusting the spindle speed.  
A total of 36 experiments were conducted. For the repeatability and statically reliability of 
results, all of the experiments had been repeated three times and the totally number of 
experiments was therefore 36x3=108. 
 
Fig. 4.1 The turning experiment establishment: (a) Experiment set-up; (b) Vibration sensor 
and tool holder; (c) Vibration signal amplifier; (d) Tool insert; (e) Force signal amplifier and 
computer; (f) Cutting region. 
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Table 4.1 PCBN tool parameters 
Corner angle insert(Degree)                                             80 
Normal clearance angle, main cutting edge(Degree)                           7 
Cutting edge length(mm)                                               9.7 
Registered circle(mm)                                                 9.525 
Cutting edge height(mm)                                               3.97 
Corner radius(mm)                                                    0.8 
Mass weight (g)                                                       3 
Tip thickness(mm)                                                    3.97 
Mounting                                              screws with 40 ° to 60 ° cone angle 
 
Table 4.2 Ti-6Al-4V Chemical compositions (wt.%) 
Ti          Al        V       Fe        O        C        N         H 
89.464     6.08      4.02      0.22      0.18      0.02      0.01      0.0053 
 
Table 4.3 Mechanical properties of workpiece (Ti-6Al-4V)     
Hardness (HV20)          600 
Melting point (
◦
C)         1660 
Yield strength (MPa)          745 
Impact-toughness (J)          34 
Thermal Conductivity at 20 
◦
C (W/mK)      6.6 
Elastic modulus (GPa)          113 
Density (g/cm
3
)         4.50 
Elongation(%)                                                       8   
Ultimate tensile strength (MPa)        832                                                                
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Table 4.4 Cutting condition setting for turning experiments 
Cutting speed (m/min)                             80/160/240 
Feed rate(mm/rev)                           0.05/0.1 
Cutting depth (mm)                         0.1 
Coolant pressure (bar)                           1/10 
Nanofluids concentration (wt.%)         0.1/0.3/0.5 
Coolant                             nanofluids/ Base fluids 
Flow rate(m
3
/s)                                            0.00524/0.0524 
Nozzle diameter(mm)                                             1 
Distance from the cutting tool (mm)                                100 
 
4.2.2 Coolant preparation 
Conventional coolant produced by mixed mineral oil and saponified nature oil was used as 
the base fluid; its composition is list in Table 4.5. GO nanoparticles were added into the base 
fluid as an additive to make GO nanofluids. The average particle size is 50 nm, its purity is 
99% [189]. The properties of the GO nanoparticles are shown in Table 4.6. With the increase 
of the concentration of grapheme oxides, the thermal conductivity of the coolant would be 
increased. According to Samuel et al. [34], when the concentration was 0.1wt.% and 0.2 
wt.%, there was a significant increase in thermal conductivity to 0.545 W/mK. However, 
when the concentration was increased from 0.1wt.% to 0.5wt.%, the incremental gradient of 
the thermal conductivity became smaller and smaller. Therefore, three different 
concentrations of 0.1wt.%, 0.3wt.% and 0.5 wt.% were used in the experiments. An 
ultrasonic processor (Rittal GmbH & Co., Germany, 500W) which was able to generate 20 
kHz ultrasonic pulses was used to break nanoparticle agglomerates in the conventional 
coolant and make stable suspension [190]. The surfactant was not used due to the concerns 
about its influence on the effective thermal conductivity of the nanofluids. It was observed 
that GO nanoparticles of all concentrations were uniformly dispersed after 24 hours.  
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Table 4.5 Base fluids composition  
Mineral oil                                               25% 
Saponified natural oil          25% 
Water         50% 
Density         0.95g/cm
3 
Flash point              343°C 
 
Table 4.6 Graphene oxide physical properties 
Purity (wt.%)         >95 
Thickness (nm)         1.0-1.77 
Layer diameters (nm)         0.5-5 
Layer (m
2
/g)         1-5 
Specific surface area         300-450 
Raman Id/Ig ratio                                                    1.88 
 
4.2.3 Vibration measurement 
The cutting vibration in Z direction was measured by using a 3-axis accelerometer (Kistler 
8694M1) that was fixed on the tool holder. The tool overhang length was 50 mm. The 
sensitivity of the accelerometer was 10 mV/g  (± 15 %) and its measurement range was ± 5 
g (peak). The signals were amplified by a charge amplifier (Kistler 5134B) and acquired by a 
DAQ system. Signals were filtered and moderated by using MATLAB to remove noises.  
4.3. Discussion and results 
4.3.1 Cutting force 
The cutting forces measured under different cutting conditions are plotted in Fig. 4.2. The 
main cutting force was produced in the orthogonal direction, i.e., the direction of feed. Feed 
rate and cutting velocity essentially influence cutting forces significantly. It can be seen in 
Fig. 4.2 that with the increase of cutting speed, the drop of cutting force (along the feed 
direction) caused by the application of GO nanofluids became smaller in comparison with 
that of CC fluids. This is because the higher cutting speed resulted in higher cutting force, 
this increased force led to larger amount of heat. The excellent thermal property of the 
coolant could carry away more heat and reduce the cutting temperature. Cutting forces 
obviously decreased when GO nanofluids were used (Fig. 4.2(a)). The reduction of cutting 
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force was 29.95%, 40.09% and 42.03%, respectively when 0.1 wt.%, 0.3 wt.% and 0.5 wt.% 
GO nanofluids were applied. Because GO nanofluids could easily penetrate into the tool-chip 
contact area through the kinetic action of capillary network existed in tool–chip interface 
[191], GO nanoparticles formed a tribological film to improve the lubrication [192], thereby 
reduced the cutting force. In Fig 4.2(b), the feed rate was increased from 0.05 mm/rev to 0.1 
mm/rev, and the cutting forces were increased to 220 N when CC coolant was applied.  
Higher feed rate led to the generation of more heat. According to Liang et al [193], the 
excessive heat would cause plastic deformation of the cutting tool (especially in the flank 
face). This plastic deformation happened close to the cutting edge and aggravated the wear of 
the cutting tool. The aggravated wear of the cutting tool would result in a rapid increase of 
cutting force. At the same time, the increasing feed rate would result in increased chip 
thickness, shear plane area and cutting temperature. When GO nanofluids were used, the 
cutting force decreased by up to 50.83% under the cutting condition  of 0.1 mm/rec feed rate 
and 240 m/min cutting speed. Equations (4-1) and (4-2) describe the relationship between 
fluid density and thermal conductivity [110].  
      (        ( (     )    ))  (                 )  (4-1) 
where   is the volume fraction of GO particles,    ,   ,    is the thermal conductivity of 
GO nanofluids, CC coolant and GO particles, respectively.   is an empirical scaling factor. 
The effective density of GO nanofluids     is given by Eq. (2): 
                 (4-2) 
where     is the density of GO particle and    is the density of conventional coolant. 
It can be seen in Fig. 4.2(b) that the cutting force of using of GO nanofluids of 0.5 wt.% 
concentration is  slightly higher than that of using 0.3 wt.% GO nanofluids. The higher 
concentration of nanoparticles agglomerates would result in a reduction of lubrication 
property of nanofluids. The increase in result not only in the increase in cutting force, but also 
the increase in chip thickness, shear plane and cutting temperature, the relationship between 
the cutting force and feed rate is therefore not nonlinear.  Fig. 4.2 (c) shows the cutting force 
when the higher coolant pressure of 10 bar was applied. The cutting force was lower than that 
when the pressure was 1 bar. In addition to the effects of more coolant accessing the cutting 
zone, another reason contributed to the reduction was that the high pressure coolant jet tended 
to wash away more chips from the cutting area, which resulted in lower friction and 
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temperature. Moreover, it was not easy for GO nanoparticles to form conglobations in base 
fluids under high coolant pressure, the higher coolant pressure could maintain GO 
nanoparticles in a stable suspension state providing a good lubricant condition. This also 
partially explained why high cutting speeds at lower coolant pressure resulted in the increase 
in cutting force. In Fig. 4.2(c), the application of GO nanofluids resulted in the reduction of  
cutting force by 23.53%, 37.64% and 41.17%, respectively when the concentrations were  
0.1 wt.%, 0.3wt.% and 0.5 wt.%.  
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Fig.4.2 Cutting forces with different processing conditions:  (a) feed rate=0.05 mm/rev, 
pressure=1 bar; (b) feed rate=0.1 mm/rev, pressure=1 bar; (c) feed rate=0.05 mm/rev, 
pressure=10 bar. 
4.3.2 Friction force 
The addition of graphene oxide nanoparticles into base fluid could improve its lubrication 
performance because the nanoparticles could easily penetrate into tool-chip contact area and 
reduce the tool/chip abrasion. Equations (4-3) to (4-4) and Eq. (4-5) describe the relationship 
between heat transfer coefficient    and friction force  [110]: 
  
 
     
                                                    (4-3) 
  
 
   
√   
 
                                                   (4-4) 
      |   |                                                     (4-5) 
where   is heat flux,    is workpiece temperature,    is fluids temperature,   is friction 
coefficient,   is heat transfer coefficient,   is density,   is specific heat,   is cutting speed, 
   is Prandtl Number and   is friction coefficient and ,    is normal force.  
Based on Eq. (4-3) and Eq. (4-4), the friction coefficients of different types of coolant and 
corresponding friction forces are calculated. The results of friction force and friction 
coefficient are listed in Table 6 and plotted in Fig. 4.3, respectively. It could be observed in 
Fig. 4.3 that the friction coefficient decrease with the increase of cutting speed. According to 
Eq. (4-4), the increase in cutting speed    leads to reduced friction coefficient, meanwhile, 
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the higher cutting speed resulted in higher temperature at the cutting area; the higher 
temperature further softened the chips, which contributed to the reduction of friction 
coefficient. The addition of GO particles in the coolant resulted in significantly lower friction 
force and this effect increased with the increase in GO concentration.  
 
Fig. 4.3 Friction coefficients of coolants under different cutting speed. 
 
The friction force under the condition of CC coolant and 80 m/min cutting speed was 18.12 N 
(Table 4.7). However, when using GO nanofluids, the friction force decreased to 15.99 N, 
11.99N and 12.69N when the coolants were 0.1 wt.% GO, 0.3 wt.% GO and 0.5 wt.% GO 
nanofluids respectively. When 0.3 wt.% GO nanofluids were applied, the friction force was 
lower than that of using 0.3 wt.% GO nanofluids. Higher concentration of the nanoparticles 
which would result in agglomeration. This phenomenon would increase the size of the 
nanoparticles and decrease the lubrication property and resulted in the reduction of the 
friction force. 
 
Table 4.7 Friction force when using different fluids 
Cutting speed (m/min)              Coolant type                  Friction force (N) 
    80                     Conventional coolant                     18.12 
   160                     Conventional coolant                     23.54 
   240                     Conventional coolant                     30.38 
    80                  0.1 wt.% Graphene oxide suspended fluid        15.99 
   160                  0.1 wt.% Graphene oxide suspended fluid        19.40 
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   240                  0.1 wt.% Graphene oxide suspended fluid         22.23 
    80                  0.3 wt.% Graphene oxide suspended fluid         11.99 
   160                  0.3 wt.% Graphene oxide suspended fluid         15.72 
   240                  0.3 wt.% Graphene oxide suspended fluid         17.51 
    80                  0.5 wt.% Graphene oxide suspended fluid         12.69 
   160                  0.5 wt.% Graphene oxide suspended fluid         16.10 
   240                  0.5 wt.% Graphene oxide suspended fluid         17.93 
 
4.3.3 Vibration in the turning process 
In the machining process, complicated dynamic interaction takes place at the tool-workpiece 
interface and results in two basic types of vibrations: the forced vibration and self-excited 
vibration. Generally, forced vibration is produced by interrupted cutting and external 
vibration factors. Chatter is a self-excited vibration which is induced and maintained by 
forces generated by the cutting process. It affects surface finish, tool life and production 
efficiency. [194]. The vibration signals generated in high-speed machining could be 
presented in both the time domain and frequency domain for analysis and processing [195-
197]. Fast Fourier transfer (FFT) was used in this chapter to transfer the signal from the time 
domain to frequency domain. 
4.3.4 Vibration when using different types of coolant  
Fig. 4.4 displays the cutting vibrations in the time domain under different cutting conditions. 
The black line, green line, red line and blue line stand for the vibration when the 
concentration of the coolant was 0 wt.% (CC coolant), 0.1 wt.% GO, 0.3 wt.% GO and 0.5 
wt.% GO nanofluids, respectively. These signals were filtered in Matlab and the root mean 
square (RMS) was calculated to analyse the vibrations in each processes. It can be seen that 
the average amplitude of the cutting vibrations varies significantly in the irregular form under 
different cutting conditions particularly when GO nanofluids were applied. In Fig. 4.4(a), 
when the feed rate and coolant pressure were low, the amplitude of peek voltage was 70 mV 
when using CC coolant; while in using GO nanofluids, the voltage was much lower, 
especially when GO concentration was 0.3 wt.%: the average voltage was 16.83 mV. It 
displayed better performance than 0.5 wt.% GO nanofluids. The higher GO concentration 
may lead to the agglomeration of nanoparticles and resulted in worse lubrication. In Fig. 4.4 
(b), when feed rate was increased, it can be seen that the cutting vibration became serious, the 
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peak voltage increased by 14.28% to 80 mV, whereas the vibration when GO fluids was used 
was still much lower than that when conventional coolant was used. Fig. 4.4(c) shows the 
vibration when higher coolant pressure was applied. The amplitude of vibration was lower 
compared with that in Fig. 4.4(a) because of the enhanced cooling and lubrication caused by 
the high pressure coolants. When 0.5 wt.% GO nanofluids was applied, the vibration seems 
more serious than that of using 0.3 wt. % GO.  This might be owing to the agglomeration of 
the large number of nanoparticles which led to the loss of lubricating capabilities of GO 
nanoparticles [120]. 
 
 
(a) 
(b) 
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Fig. 4.4 The Z-vibration spectra in time domain: (a) f=0.05 mm/rev, P=1 bar; (b) f=0.1 
mm/rev, P=1 bar; (c) f=0.05 mm/rev, P=10 bar.  
Generally, the cutting force can be divided into static and dynamic components as follows: 
            (6) 
where   is cutting force,    is a static component of cutting force,    is a fluctuating 
component with respect to the static force component.  
In order to detect the relationship between dynamic components cutting force and cutting 
vibration, the dynamic components cutting force had been analysed. Fig. 4.5 shows the 
signals of dynamic components of cutting force under different cooling environments. These 
statuses were corresponding cutting to vibrations shown in Fig. 4.4. 
(c) 
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Fig. 4.5 The dynamic components cutting force signal under different coolants: (a) CC 
coolant; (b) 0.1 wt.% GO nanofluids; (c) 0.3 wt.% GO nanofluids; (d) 0.5 wt.% GO 
nanofluids. 
 
4.3.5 Analysis of turning vibration in frequency domain  
The analysis in time domain is unable to distinguish the multiple sources of vibrations. To 
generate the correlation between cutting vibration and different types of coolant, the vibration 
signals were transferred into the frequency domain by using FFT. Fig. 4.6 shows the 
frequency spectrum when using CC coolant and GO nanofluids (0.1wt.%, 0.3 wt.% and 0.5 
wt.%) with different feed rates and coolant pressures while the cutting speed was 80 m/min. 
The level of tool wear was quantified by the tool wear measurement. The increase number 
indicates that tool wear becomes seriously. Fig. 4.6(a) shows the four spectrums when the 
feed rate was 0.05 mm/rev and coolant pressure was 1 bar. It can be seen that most of the 
vibration happened at the frequency of about  4 kHz when CC coolant used, and it shifted to 
3 ~ 3.5 kHz when GO nanofluids were applied. When the feed rate was increased to 0.1 
mm/rev (Fig. 4.6 (b)), the dominant frequency of using CC coolant was changed to 7 kHz and 
the frequency band was in the range of 5 – 7.5 kHz, while those of using GO nanofluids were 
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still lower. This was because higher feed rate was correlated with severe tool wear. Serious 
cutting vibrations were encountered due to chip segmentation that limited materials removal 
rates. The severe tool wear would produce more noisy during machining and  resulted in 
higher frequency bands [198]. Fig. 4.6 (c) shows the spectra of using high pressure coolant. It 
can be seen that when GO nanofluids were used, the vibration energy was lower than that 
when CC coolant was employed under each condition. Compared with Fig. 4.6 (a), it is 
obvious that the increase in coolant pressure resulted in a significant shift of the dominate 
vibration frequency to the lower end.  
 
(a) 
79.68dB 
71.55dB 
75.37dB 
68.15dB 
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Fig. 4.6 The Z-vibration spectra with frequency domain under different types of coolant: (a) 
f=0.05 mm/rev, P=1 bar; (b) f=0.1 mm/rev, P=1 bar; (c) f=0.05 mm/rev, P=10 bar 
 
4.3.6 Wear on rake surface 
The scanning electron microscope (SEM) images (Fig. 4.7) show the morphology of tool rake 
faces under different cooling conditions. Generally, tool/chip abrasion and build-up edge 
(BUE) were observed on the rake faces of the cutting tools, and the worn areas on the tools 
with the application of coolant with graphene oxide nanoparticles were smaller than the worn 
area of the tool when conventional coolant was applied, the materials abrasion area was 
smaller as well. Also, results measured by using Alicona microscope (the lower right corner 
of each image) show that the wear condition of the tools. Fig. 8 shows detailed characters of 
worn areas with different types of coolant. It can be seen that there were adhering chips and 
layers on the rake face. As shown in Fig. 4.8(a), BUE on the cutting edge was more severe 
when CC coolant was applied. In contrast, there was only BUE on the cutting edge when GO 
nanofluids of 0.1 wt.%, 0.3 wt.% and 0.5 wt.% were applied. It could be seen that the BUE 
81.44dB 
74.03dB 
79.63dB 
71.15dB 
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and adhered layers in Fig. 4.8(c) are less than those in Fig. 4.8 (d) because the increased 
concentration of nanofluids led to the formation flakes and conglomerated nanoparticles, 
which resulted in poor lubricant stability [199]. Fig. 4.9 shows the measured tool wear (wear 
of cutting edge) when different types of cutting fluid were applied. It could be easily 
observed that the wear of tool edge increased with the increase in cutting velocity along with 
the feed rate. The tool wear increased by 43.39% and 22.80%, respectively at higher cutting 
velocity and higher feed rate. However, when the concentration of GO was increased from 
0.3 wt.% to 0.5 wt.%, the wear of cutting edge was increased by 14.10% only.   
  Fig. 4.7 SEM images of rake face after 27 cutting passes with different types of coolant: (a) 
CC coolant; (b) 0.1 wt.% GO coolant; (c) 0.3 wt.% GO coolant; (d) 0.5 wt.% GO coolant. 
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 Fig. 4.8 SEM images of tool rake face (X400) after 27 cutting passes with different types of 
coolant: (a) CC coolant; (b) 0.1 wt.% GO coolant; (c) 0.3 wt.% GO coolant; (d) 0.5 wt.% GO 
coolant. 
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Fig. 4.9 Cutting tool edge wear measurement results with different conditions: (a) f=0.05 
mm/rev; P=1bar; (b) f=0.1 mm/rev; P=1bar; (c) f=0.05 mm/rev; P=10bar. 
4.3.7 Flank wear 
GO nanofluids have highly spreading ability and low surface tension property [200]. GO 
nanoparticles can easily access tool-workpiece interface and form a tribo-film to protect the 
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tool and workpiece. Width of flank wear (VB) caused by the tool-workpiece abrasion was 
measured by using Alicona microscope after each cutting pass and the length of attrition was 
measured by using SEM; the results were plotted in Fig. 4.10. The cutting parameters are 
listed in Table 4. The cutting conditions of the first three experiments were 0.05 mm/rev 
(feed rate), 1 bar (coolant pressure) and 80/160/240 m/min (cutting speed); those of the 
second three experiments were 0.1 mm/rev, 1 bar and 80/160/240 m/min; those of third three 
experiments were 0.05 mm/rev, 10 bar and 80/160/240 m/min. This cycle of nine 
experiments was repeated three times to ensure the accuracy and the number of experiments 
was therefore 27. A total of 27x4=108 experiments were conducted for the four types of 
coolant. It could be seen that GO nanofluids resulted in obviously decreased flank wear; the 
reductions were 11.01%, 22.49% and 20.50%, respectively when 0.1 wt.% GO, 0.3 wt.% GO 
and 0.5 wt.% GO nanofluids were applied. Fig. 4.11 shows SEM images (400x) of flank wear  
after the machining run for 24 passes with CC coolant, 0.1 wt.% GO, 0.3 wt.% GO and 0.5 
wt.% GO nanofluids. The detailed morphological characters of the worn areas are presented 
in Fig. 4.11 (a). Adhesion, BUE, nose wear and attrition wear were more severe on the flank 
face when conventional coolant was used. Comparing with that of using 0.1 wt.% GO 
nanofluids, it could be observed that there were less BUE and nose wear on the tool flank 
face (Fig. 4.11(b)). When the concentration of GO nanoparticles was raised to 0.3 wt.% and 
0.5 wt.%, less BUE and shorter length of attrition on the flank face could be observed. One of 
the factors that led to such a phenomenon was the lower temperature at the tool-chip interface 
due to the higher thermal conductivity of GO nanofluids, which could remove the heat from 
the cutting zone more efficiently. This lower cutting temperature could reduce tool wear and 
increase tool life [3]. Moreover, the lower cutting force loaded on the tool when GO 
nanofluids were applied contributed to the reduced flank wear as well. Fig. 4.12 illustrates the 
elemental composition of flank surface which was measured with Energy Dispersive 
Spectroscopy (EDS). These tools were used in different cooling environments. A high 
percentage of titanium, aluminium and vanadium existed on the tool flank face when CC was 
applied (Fig. 4.12(a)), in contrast, lower percentage of titanium and higher percentage of 
carbon and oxygen were found with the increase of GO concentration (Fig. 4.12 (b) to 
4.12(d)). This trend clearly indicates that less adhesive wear and flank wear were formed 
when GO nanofluids was applied.  
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Fig. 4.10 Tool flank wear with cutting time under different cooling condition. 
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Fig. 4.11 Tool flank wear of SEM image with different types of coolant: (a) CC coolant; (b) 
0.1 wt.% GO coolant; (c) 0.3 wt.% GO coolant; (d) 0.5 wt.% GO coolant. 
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Fig. 4.12 The surface element composition with different types of coolant environment: (a) 
CC coolant; (b) 0.1 wt.% GO coolant; (c) 0.3 wt.% GO coolant; (d) 0.5 wt.% GO coolant. 
 
4.4 Conclusion 
A series of turning experiments were conducted in machining Ti-6Al-4V with the new 
graphene oxide based nanofluids. Tool wear, cutting force and cutting vibrations had been 
investigated to analyse the influence of GO nanofluids. Based on the results, the following 
conclusions can be drawn: 
1. Graphene oxide suspended fluids resulted in lower cutting force in comparison with 
conventional coolant. The cutting force decreased with the increase in GO 
concentration. Under the same cutting condition, the reduction could be up to 50.83% 
when GO nanofluids were used. 
2. While fractures,  adhesion chips and BUE were found on the tool rake face under 
conventional cooling condition, less BUE and attrition wear were observed when GO 
coolant was applied. Flank wear and the wear of rake face were reduced by 77.78% 
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and 41.21%. The GO concentration of 0.3 wt.% showed the best performance on  
tool wear. 
3. Vibration was lower when lower feed rate and higher coolant pressure were applied. 
When GO nanofluids were applied, the cutting vibration decreased as compared to 
that when CC coolant was used. However, higher concentration of GO did not 
necessarily lead to better cutting performance. 
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Chapter 5 Investigation of machining Ti-6Al-4V with graphene oxide 
nanofluids: Cutting temperature, chip formation and surface quality 
 
This chapter investigated the working mechanism of a new type of graphene based nanofluids 
in turning Ti-6Al-4V. Comparative study was conducted to analyse chip formation, cutting 
temperature and surface roughness in turning Ti-6Al-4V with graphene oxide (GO) 
nanofluids. Surface topography and chip morphology were examined when turning with 
polycrystalline cubic boron nitride (PCBN) inserts by scanning electron microscope (SEM). 
Influences of coolant pressure, concentration and machining parameters such as cutting speed, 
feed rate and cutting depth were investigated. The results showed that the surface roughness 
was reduced by about 34.34% when using GO nanofluids as compared with conventional 
coolant. The cutting temperature was reduced by 27.16℃ , 30.42 ℃  , and 31.8℃ , 
respectively when lower velocity, lower feed and higher coolant pressure were applied 
whereas the cutting temperature decreased by 50.53 ℃ when the pressure of the GO 
nanofluids was 10 bar. 
 
5.1 Introduction 
The primary function of coolants, i.e., cutting fluids, is to cool and lubricate the tool-
workpiece interface with additional side effects of washing away the chips from the 
machining area to reduce friction force. Conventional cutting fluids consist of mineral oil, 
corrosion inhibitor, fluorescein, emulsifier and stabilizer. The excessive use of these media is 
detrimental to  the environment and hazardous for human beings [203]. To reduce the 
negative effects caused by conventional coolants, extensive researches have been conducted 
on developing new cooling media such as animal and vegetable based oils, liquid nitrogen 
and additive particles added in various base fluids [204]. For example, Nath et al. [205] found 
that the use of air-CO2 mixture cooling in titanium turning allow the fluid droplets easily 
reach to the tool-chip interface to decrease tool wear. Vasu et al. [206] found that Al2O3 
nanoparticles as lubricant media in minimum quantity lubrication (MQL) could reduce tool 
wear and cutting temperature. Liu et al. [207] investigated the application of rare earth 
nanoparticles in lubricating oil and found that it could increase the tribological performance 
and improve the surface quality. Ahmed, L.S. and Kumar, M.P. [50] pointed out that liquid 
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nitrogen cryogenic cooling could reduce 28% of cutting temperature and 14% of cutting force. 
Based on the research on the graphite additives, Su et al. [208] found that graphite particles in 
vegetable oil could  form a thin film on the friction surface to protect the workpiece and 
make the morphology of wear scars smoother. Ganguli and Kapoor [177] reported that using 
atomization-based cutting fluid application system extend tool life as high as 75% over flood 
cooling. Although significant improvement in thermal conductivity can be achieved by 
adding different particles in conventional coolants, micro-sized particles may lead to serious 
clogging issues and caused drop of pressure in the pipelines. To solve this problem, different 
type of particles of various sizes and shapes which could result in diverse thermal property 
have been investigated, for example, ZnO-TiO2/EG [183], Al2O3-Cu [209] and SiO2 [87, 210]. 
Murshed et al. [62] presented that thermal conductivity would be improved by increasing 
volumetric concentration of nanoparticles in baseline cutting fluids, and smaller particle size 
led to higher thermal conductivities of the fluids [62]. Lee et al. [53] noticed that the 
nanoparticles in conventional coolant would increase its lubricant performance due to the 
small size of nanoparticles, which promoted the lubrication and reduced friction force. Yu et 
al. [63] reviewed the research on nanofluids and found that nanoparticles mixed in 
conventional coolant could reduce tool wear, surface roughness and cutting force in the 
machining process. Toghraie et al. [183] reported that higher volume fraction of ZnO-
TiO2/EG resulted in lower temperature due to the enhanced thermal conductivity of the 
nanofluids. Suresh et al. [209] experimentally found that the Nusselt number of water basd 
Al2O3-Cu nanofluids was  increased by 10.94% compared with that of pure water. Sayuti et 
al. [210] pointed out that using a nano-lubrication system with 0.5 wt.%  SiO2 in mineral oil 
as coolant could result in minimum tool wear and surface roughness in turning AISI 4140 
steel. In addition to thermal conductivity, the friction in the cutting zone plays a critical role 
in heat generation [211]. The lubrication effects of nanofluids decrease friction and cause 
decreased temperature at tool tip which partially contributes to maintaining the hardness of 
the tool and the sharpness of tool cutting edge. Li et al.[212] found the superlow friction of 
graphite nanoparticles can be achieved by the self-assembly of SDS molecular layers on the 
two friction surfaces. The friction coefficient can be reduced to approximately 0.005 and 
remain very stable at a maximal contact pressure of 31 MPa. Williams et al. [191] reported 
that there existed a sticking friction area at the interface between tool rake face and chip 
surface and the coolant was mainly effective in this area. Peng et al [213] showed that 
dispersed nanoparticles could easily penetrate into the rubbing surfaces and resulted in a great 
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elasto-hydrodynamic lubrication effect. Najiha et al. [214] found that TiO2 nanofluids had 
better lubrication performance than traditional fluids during the machining of aluminium 
alloy whereas nanoparticles concentration of 2.5% appeared to have less tool damage . 
Graphene oxide (GO), as an oxidized graphene sheets, has excellent mechanical, electrical 
(103.3 S/cm), and thermal properties and has found wide applications in solar panel, touch 
screen and biosensors. The distinct thermal conductivity of GO nanoparticles is up to 5000 
     [64] and this makes them a great heat transferring intermediary, which can be 
applied as metalworking fluids in machining difficult-to-cut materials such as titanium and its 
alloy. GO nanoparticles suspended in conventional coolant is a good alternate solution as it 
has good biodegradability and lubrication properties and low production cost.  
This chapter discussed the turning of Ti-6Al-4V with polycrystalline cubic boron nitride 
(PCBN) insert by using different types of GO nanofluids with the concentrations of 0.1wt.%, 
0.3wt.% and 0.5wt.% respectively. Cutting temperature and surface roughness were 
measured and analysed. Surface topography and chip morphology, which are important 
factors indicating the effectiveness of the new metalworking fluids, were analysed. 
Additional cutting experiments using conventional cutting fluid were conducted in order to 
find the increase in cutting performance caused by the new fluids. Comparative analysis of 
cutting force, cutting temperature and the characterization of chip morphologies between GO 
nanofluids and base fluids were conducted. 
5.2 Experiment details  
5.2.1 Experimental setup and design 
A round titanium alloy bar (Ti-6Al-4V) with the dimension of            was used 
as workpiece. The chemical composition (wt.%) and the mechanical properties of the 
workpiece are listed in Table 5.1 and Table 5.2, respectively. The PCBN tools 
(CCGW09T308S-01020-L1-B) manufactured by SECO TOOLS were used in the turning 
tests. PCBN has ultra-hardness, outstanding wear resistance, superior thermal stability and 
high chemical stability. These excellent properties made PCBN tool an ideal tool material to 
process titanium alloys. It has been found that better surface finish can be achieved when 
using CBN tools in machining titanium alloys [2] and CBN coated tool generates lower 
cutting temperatures compared to uncoated WC/Co tools even though the cutting forces are 
higher [215].  
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The clearance angle of the tool is 7 degree and the insert included angle is 80 degree. The 
cutting parameters are listed in Table 5.3. A total of 36 experiments were conducted. For the 
repeatability and statically reliability of results, all of the experiments had been repeated three 
times and the totally number of experiments was therefore 36x3=108. A small customized 
pumping system (Fig.5.1) was specifically designed to supply GO nanofluids during the 
machining process. The hardness of the workpiece was measured using a computerized 
micro-vickers hardness testing machine (BUEHLER MICROMET 5100 Series); an average 
of three readings was taken at different regions along the specimen at a static load of 500 gm 
to obtain the value of mean hardness (HV). 
 
Fig. 5.1 Experiment setup for orthogonal cutting experiments 
Table 5.1 Chemical compositions of Ti-6Al-4V alloy (wt.%) 
Ti          Al        V       Fe        O        C        N         H 
89.464     6.08      4.02      0.22      0.18      0.02      0.01      0.0053 
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Table 5.2 Mechanical properties of Ti-6Al-4V    
Hardness (HV20)          600 
Melting point (
◦
C)         1660 
Ultimate tensile strength (MPa)        832 
Yield strength (MPa)          745 
Impact-toughness (J)          34 
Elastic modulus (GPa)          113 
Density (g/cm
3
)         4.50 
Thermal Conductivity at 20 
◦
C (W/mK)      6.6 
Elongation(%)                                                       8                                                                  
 
Table 5.3 Cutting parameters for turning experiments 
Cutting speed (m/min)                                   80/160/240 
Feed (mm/rev)                              0.05/0.1 
Cutting depth (mm)                              0.1 
Cutting length (mm)                                                    100 
Coolant pressure (Bar)                              1/10 
Concentration (wt.%)                       0.1/0.3/0.5 
Coolant               Graphene oxide nanofluids/ Conventional coolant 
 
5.2.2 Coolant preparation 
Cutting fluid ―ROCOL_Ultracut Clear‖ manufactured by ITW Polymers & Fluids Co., Ltd 
Australia was used as the base fluid; its composition is shown in Table 5.4. The solid 
particles used in this study were GO nanoparticles. The average particle size and purity of the 
GO was 50 nm and 99%, respectively. The transmission electron microscopy (TEM) image 
of the GO nanoparticles is shown in Fig. 5.2. With the increase of the concentration of 
grapheme oxides, the thermal conductivity of the coolant would be increased. According to 
Samuel et al. [216], when the concentration was 0.1wt.% and 0.2 wt.%, there was a 
significant increase in thermal conductivity of up to 0.545 W/mK. However, when the 
concentration was increased from 0.2wt.% to 0.5wt.%, the incremental gradient of the 
thermal conductivity became smaller and smaller. Therefore, three different concentrations of 
0.1wt.%, 0.3wt.% and 0.5 wt.% were used in the experiments. An ultrasonic processor (Rittal 
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GmbH & Co., Germany, 500W) which was able to generate 20 kHz ultrasonic pulses was 
used to break nanoparticle agglomerates in the conventional coolant and make stable 
suspension. The surfactant was not used due to the concerns about its influence on the 
effective thermal conductivity of the nanofluids. It was observed that GO nanoparticles of all 
concentrations were uniformly dispersed after 24 hours. 
Different GO concentrations were tested in this chapter. As was found in the experiments, 
under different cutting conditions, different concentration would result in different optimal 
different cutting performances in terms of cutting temperature, surface roughness, chip 
formation and tool wear. The optimized concentration was condition and performance 
specific.  There was not an overall optimal concentration for the general machining 
processes. 
 
Table 5.4 Composition of ROCOL_Ultracut Clear coolant[57] 
Mineral oil (solvent refined)                        10-30% 
Saponified natural oil          10-30% 
Corrosion inhibitor          <1% 
Biocide          <1% 
Fluorescein dye         <1% 
Water         30%-60% 
Density         0.95g/cm
3 
 
  
Fig. 5.2 TEM images of GO: (a) GO sheets (b) Few-layer GO sheets. 
(a) (b) 
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5.2.3 Calibration of Thermocouple 
The experimental setup consisted of a tool insert clamped onto the tool holder. A special 
fixture was designed to hold the tool holder. A small slot/hole was cut on the tool rake 
surface by wire electrical discharge machining (WEDM). A K-type thermocouple (OMEGA 
5TC-TT-K-40-36) was mounted in the slot/hole by high-temperature cement, as shown in Fig. 
5.1. A thermocouple calibrator (MS7220) was used to calibrate the thermocouple. The 
reference junction error of the calibrator was       when maximum input voltage was 30V. 
The linear correlation between the temperature     and e.m.f.     was observed (Fig. 5.3). 
Results are presented in Eq. (5-1). 
                                                                 (5-1) 
where   is cutting temperature,   is measured electric potential,    and    are constant 
coefficient. 
Fig. 5.3 Electric potential of the thermocouple and calibrator at different temperatures 
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5.2.4 Measurement of surface and chip 
Selected surfaces were examined by using a Philips XL30 scanning electron microscope. 2D 
surface roughness (Sa) measurements were conducted on an Alicona microscope and the 
evaluation length was 1 mm. Each measurement was repeated ten times at different positions 
on the surface and an average was taken in calculating the surface roughness. The chip 
thickness was measured three times with a micro-meter and the average was calculated. 
 
5.3 Results and discussion 
5.3.1 Thermal property  
The GO nanoparticles added into CC fluids change the composition of the fluid and make the 
original base liquid becoming nanofluids. The addition of nanoparticles to the base fluids 
enhances the heat transfer capability of the base fluids. The thermal conductivity of the new 
nanofluids was measured by using the KD2 Pro Thermal Properties Analyzer (Fig. 5.4(a)).  
Each measurement took 120 seconds. To ensure the reliability of test results, each test was 
repeated 3 times. The average of the 10 measurements was used as the final thermal 
conductivity. The thermal conductivity of CC coolant was found to be 0.126 W/mK(Fig. 
5.4(b) ). Those of graphene oxide nanofluids were 0.41 W/mK, 1.21 W/mK and 2.65 W/mK, 
respectively, when the concentration of GO was 0.1wt.% GO, 0.3wt.% GO and 0.5wt.%. 
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Fig. 5.4 The schematic thermal conductivity measurement experiment: (a) The instrument 
and setup; (b) Results from measurement and calculation 
 
5.3.2 Cutting temperature 
High cutting temperature can cause dimensional errors of the machined surface and increase 
the wear of cutting tools. The enhanced cooling effects of GO nanofluids were obvious 
according to the temperature measured in the cutting experiments. Fig. 5.5 shows the 
measured cutting temperature under different turning conditions. The black, green, orange 
and blue lines represent the processes using different types of coolant, which are CC, GO 
with concentrations of 0.1wt.% GO, 0.3wt.% GO and 0.5wt.% respectively. Generally, higher 
cutting speed resulted in elevated temperature at the tool-chip interface. It could be seen that 
461.60   had been reached when CC coolant was used, this excessively high temperature 
led to galling of the workpiece to the inserts.  
It can also be seen that cutting temperatures decreased when GO nanofluids were applied. 
With the increase in concentration of GO in the nanofluids, the cutting temperature decreased 
by 34.90   when 0.5 wt.% GO nanofluids was applied. The combined effect of better 
lubrication and higher thermal conductivity was the main reason leading to the reduction in 
cutting temperature. The nanoparticles along the metal surface formed a thick, strong and 
durable film of lubricant [217]. On the one hand, the increased thermal conductivity caused 
by the excellent thermal property of graphene oxide particles carried away more heat; on the 
other hand, better lubrication caused by higher concentration of GO resulted in the reduction 
of friction and hence less heat was generated by the friction force.  
0.126 
0.41 
1.21 
2.65 
0
0.5
1
1.5
2
2.5
3
CC 0.1GO 0.3GO 0.5GO
T
h
er
m
a
l 
co
n
d
cu
ti
v
it
y
 (
W
/m
K
) 
Cutting fluids 
CC
0.1GO
0.3GO
0.5GO
(a) (b) 
116 
 
    
Fig. 5.5 Cutting temperature (0.05 mm/rev feed rate and 1 Bar coolant pressure) at different 
cutting speed with different coolants: (a) 80 m/min; (b) 160 m/min (c) 240 m/min. 
Fig. 5.6 shows the cutting temperature under different cutting conditions when feed rate was 
0.1 mm/rev. When 0.1 wt.% GO nanofluids were applied,  the temperature at the tool-chip 
interface was reduced by 12.33  . While, when the concentration of GO increased to 0.3 
wt.% and 0.5 wt.%, the cutting temperature decreased by 21.43   and 30.42  , 
respectively compared with 0.1 wt.% GO nanofluids. During the first second of the cutting 
process, the cutting temperature was lower when the concentration of GO was 0.3 wt.% in 
comparison with 0.5 wt.%. This is because the high concentration of the nanofluids might 
lead to the agglomerate phenomenon [218], which decreased the performance of 
nanoparticles. 
    
Fig. 5.6 Cutting temperature under 0.1 mm/rev feed rate and 1 Bar coolant pressure with 
different cutting speed and coolant: (a) 80 m/min; (b) 160 m/min (c) 240 m/min. 
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Fig. 5.7 shows the cutting temperature under different cutting conditions with of higher 
coolant pressure. It is found in Fig. 6 that cutting temperature decreased by 27.075  , 
34.897   and 55.64   in comparison with Fig. 4 when the concentration of the GO 
nanofluids was 0.1 wt.%, 0.3 wt.% and 0.5 wt.%, respectively. Compared with previous 
results, it is obvious that higher coolant pressure led to high temperature reduction efficiency. 
The main reason of this high efficiency was that the coolant could access the tool tip region 
more easily under high pressure to ensure efficient lubrication of the tool-chip area. Moreover, 
higher pressure coolant was able to remove the chips quickly from the cutting area;  the 
large amount of chips may be clogged in the this area, which could increase friction force and 
result in excessive cutting heat [219].  
    
Fig. 5.7 Cutting temperature under 0.05 mm/rev feed rate and 10 Bar coolant pressure with 
different cutting speed and coolant: (a) 80 m/min; (b) 160 m/min (c) 240 m/min. 
 
5.3.3 Chip morphology 
Fig. 5.8 and Fig. 5.9 illustrate the scanning electron microscope (SEM) image of various chip 
structure. Continuous chips were formed when both types of coolants were applied. One of 
the reasons was that  shear localized chips were produced by thermal softening of the 
material in the shear zone [24]. The shear band and instability in the continuous chips were 
produced by the materials flow because of the localized thermal softening in the chips. 
However, some differences existed on the back surface and free surface of the chips. Smeared 
materials, feed marks, breakage and fracture were found on the free surface of the chips when 
conventional coolant was applied (Fig. 5.8(b)) in comparison with Fig. 5.8(a). When GO 
nanofluids with the concentrations of 0.3 wt.% and 0.5 wt.% were used (Fig. 5.8(c) and Fig. 
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5.8(d)), feed marks and material adhesion were merely found on the free surface of the chips. 
GO nanofluids of higher concentrations had better lubricating capacity than lower 
concentration nanofluids. These nanoparticles could easily form a thin flake (Fig. 5.2) to 
protect the tool and workpiece, the reduced friction force between tool and workpiece 
resulted in   smoother chip free surface.  
 
Fig.5.8 Chip free surface with different types of coolant: (a) CC coolant; (b) 0.1 wt.% GO 
nanofluids; (c) 0.3 wt.% GO nanofluids; (d) 0.5 wt.% GO nanofluids. 
The effects of different types of fluids on chip back surface are illustrated in Fig. 5.9. As 
shown in Fig. 5.9(a), on the chip back surface, the chip lamellar structure got accumulated 
when conventional fluids were applied. Owing to the much more heat generated near the 
cutting edge when base fluids were applied. This heat may soften the shear band, which led to 
the accumulation of lamellar structure. The chip lamellar structure layer was clearly visible 
when 0.1 wt.%, 0.3wt.% and 0.5 wt.% GO nanofluids were applied due to the obviously 
dropped heat generation in the cutting region when GO nanofluids were applied. Variation in 
cutting speeds caused changes in the cutting temperature, resulting in various morphology of 
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chips and tool-chip contact length, which increased with feed rate. This change may provide 
an indication of the tool-chip contact area. Fig. 5.10 shows the chemical components on the 
free surface of the chips obtained by Energy-dispersive spectroscopy (EDS) line scan 
measurement when different types of fluids were applied. It could be seen that more carbon 
was observed with increased GO concentration compared with CC coolant. The amount of 
titanium in chips decreased down to 61.5 wt.% when GO nanofluids were applied. This is 
because the GO contains a large amount of carbon element and it resulted in more 
accumulation of carbon on the chips. 
 
 
Fig.5.9 Chip back surface with different types of coolant: (a) CC coolant; (b) 0.1 wt.% GO 
nanofluids; (c) 0.3 wt.% GO nanofluids; (d) 0.5 wt.% GO nanofluids. 
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Fig.5.10 Chemical components on the free surface of the chips: (a) CC coolant; (b) 0.1 wt.% 
GO nanofluids; (c) 0.3 wt.% GO nanofluids; (d) 0.5 wt.% GO nanofluids. 
5.3.4 Chip thickness and compression ratio 
In order to analyse the difference in machining in greater detail, it would be necessary to 
investigate the distinctions between GO nanofluids machining and CC coolant machining by 
analysing chip thickness ratio. This ratio could evaluate the effect of machining parameters 
on different types of chip formation [220]. The chip compression ratio   (CCR) is calculated 
by Eq. 5-2 [221], where    is the cut chip thickness and    is the uncut chip thickness. 
   
  
  
                                                                (5-2)  
Fig. 5.11 presents the chip compression ratio for both different concentration of GO 
nanofluids and CC coolant. It was observed from Fig. 10 that the ratio of chips compression 
decreased when cutting speed increased while GO nanofluids were applied. This was because 
the higher cutting speed and lower cutting temperature reduced the chip thickness[217], 
which resulted in lower CCR. 
(a) (b) 
(c) (d) 
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Fig. 5.11 Effect of cutting speed on chip compression ratio 
Fig. 5.12 shows chip thickness measured under different cutting conditions. With lower 
coolant pressure and lower feed rate (Fig. 5.12(a)), the chip thickness was decreased when 
cutting speed was increased. When GO nanofluids with concentrations of 0.1 wt.%, 0.3 wt.% 
and 0.5 wt.% were applied, the thickness of chips was decreased by 16.67%, 33.33% and 
47.62% respectively in comparison with that when CC coolant was used. This reduction was 
because GO nanoparticles could easily form a thin film to lubricate tool-chip interface[155], 
this thin film would lead to the reduction of friction between the tool and chips, which further 
resulted in the reduction of chip thickness[222]. When the cutting speed was increased to 
240m/min, a reduction of 23.80% in chip thickness was caused because the contact area of 
shear plane and the elastic zone had been reduced, which reduced the energy required to 
deform the chip and consequently resulted thinner chip thickness[221]. Fig. 5.12(b) shows 
the impact of feed rate on  chip thickness with different types of fluids and  concentrations. 
It could be easily seen that the chip thickness increases irrespective of cutting fluid when  
feed rate was increased. In Fig 5.12(c), when the coolant pressure is 10 Bar, the chip 
thickness decreases about 21.73%. This reduction may be because that the adhesion of 
titanium alloy during turning generates an increase in friction between the chip and tool rake 
face under lower coolant pressure. High coolant pressure could easily move the chips from 
the tool-chip interface, which resulted in decreased friction force and thinner chips. 
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Fig. 5.12 Chips thickness under different cutting conditions: (a) Coolant pressure= 1bar, feed 
rate = 0.05 mm/rev; (b) Coolant pressure=1bar, feed rate = 0.1 mm/rev; (c) Coolant pressure 
=10bar, feed rate = 0.05 mm/rev; 
 
5.3.5 Workpiece surface roughness 
The traditional one-dimensional surface roughness evaluation method could not accurately 
describe the overall quality of the entire surface. To analyse the performance of the new 
nanofluids, the three-dimensional surface roughness Sa which can describe the surface 
features of the whole workpiece was measured by using Alicona microscope.    was 
calculated by Eq. 5-3. 
                                       
 
    
 ∫ ∫ |      |     
  
 
  
 
                                                
(5-3) 
where    is the length of evaluation in  x direction,    is the length of evaluation in y 
direction and      is profile height function.  
 
Fig. 5.13 shows the measured roughness with the application of different types of fluids. 
Generally, the surface roughness was significantly affected by the increase of cutting speed. 
Regardless of the concentration, GO nanofluids could result in smaller surface roughness 
compared with CC coolant. When larger feed rate was applied while other parameters were 
kept the same (Fig. 5.13(b)), it was found that the surface roughness increased significantly. 
At higher feed rate (Fig. 5.13(b)), the GO nanofluids displayed better performance than 
conventional fluids and the reduction in surface roughness was up to 43.77% under the 
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condition of 0.1 mm/rev feed rate and 240 m/min cutting speed. This is because that high 
feed rate led to the generation of more heat in the cutting zone. The excellent thermal 
property of GO nanofluids transferred the heat away more efficiently. Fig. 5.13(c) presents 
the surface roughness when coolant pressure was increased to 10 bar. The surface roughness 
decreased by 12.33 % when CC coolant was applied, compared with that when coolant 
pressure was 1 bar. However, the surface roughness decreased by 15.58%, 25.63% and 
34.34%, respectively when the GO cutting fluids with the concentration of 0.1 wt.%, 0.3 
wt.% and 0.5wt.% were applied,  as compared to CC coolant. This was due to the fact that 
GO nanofluids have excellent performance in lubrication, which promoted the tool and 
workpiece cushioning effect, hence led to lower cutting vibration in the machining in addition 
to the reduced cutting temperature at the tool-workpiece interface [223]. This lower cutting 
vibration benefited the surface roughness. When the coolant concentration increased to 0.3 
wt.% and 0.5 wt.%, the surface roughness decreased by 15.94% and 27.14% (Fig. 5.13(c)). 
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Fig.5.13 Surface roughness under different stages: (a) feed rate=0.05 mm/rev, pressure=1 Bar; 
(b) feed rate=0.1 mm/rev, pressure=1 Bar; (c) feed rate=0.05 mm/rev, pressure=10 Bar. 
5.3.6 Topography of machined surface 
Fig. 5.14 presents the morphology and the marks of hardness test on the surface of the 
workpiece which were machined under different cooling conditions. The different 
morphological characters indicate that the addition of GO nanoparticle has great influence on 
surface quality. Generally, well-defined uniform feed marks running perpendicular to the tool 
feed direction were generated under all cutting conditions. A large amount of plastic 
deformation was found on the surface machined with conventional coolant. It could be seen 
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in Fig. 5.14(a) that material adhesion and flake occurred on the surface. In contrast, less 
plastic deformations and embedded material particles were found with the increase of 
concentration of GO nanoparticle from 0.1% to 0.5% (Fig. 5.14 (b) to Fig. 5.14 (d)). This is 
because the cutting temperatures at the tool/chip and tool/workpiece interfaces were reduced 
by applying the GO nanoparticle, which influenced the material hardening in cutting 
processes. In the case of the hardness testing in Figs. 5.14 (a) to (d), it could be seen that 
when using CC coolant, the hardness is 338.6 HV. In comparison, the hardness was 
decreased to 328.3HV, 315.9 HV, 320.8 HV, respectively, when 0.1 wt.%, 0.3 wt.% and 0.5 
wt.% GO nanofluids were applied. The reduction of surface hardness was due to the lower 
cutting temperature which was decreased when GO nanofluids were used. Generally, the 
hardening effect is due to the high plastic flow rate and the heat generation in the primary 
shear zone. GO nanoparticles could facilitate the access of the coolant to the chip-tool 
interface and assist the reduction of friction coefficient and resistance to primary shear stress. 
The reduction of heat generation led to lower temperature and plastic flow, thereby reduced 
the hardening effect when using GO nanofliuds [224]. 
 
Fig. 5.14 Workpiece morphology and hardness under different cooling methods : (a) CC 
coolant; (b) 0.1 wt.% GO nanofluids; (c) 0.3 wt.% GO nanofluids; (d) 0.5 wt.% GO 
nanofluids. 
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Fig. 5.15 shows the results of EDS measurement when different types of fluids were applied. 
When conventional coolant was applied in machining Ti-6Al-4V, the Ti element was 89.1%, 
which was higher than that of using GO nanofluids. In Figs. 5.15  (b) to (d), C and O 
element were much higher than those of using CC fluids. This matched the fact the 
components in GO resided on the workpiece surface, the proportations of Ti, Al and V 
elements were relatively lower. 
 
Fig. 5.15  Chemical components on the free surface of the workpiece: (a) CC coolant; (b) 
0.1 wt.% GO nanofluids; (c) 0.3 wt.% GO nanofluids; (d) 0.5 wt.% GO nanofluids. 
5.3.7 Tool wear  
Fig. 5.16 shows the relationship between tool wear and cutting time under different cutting 
conditions. When using conventional coolant, the tool wear abrasion was improved up to 
approximately 30 um. The tool wear was reduced by 11.01%, 22.49% and 20.50% 
respectively when 0.1 wt.% GO, 0.3 wt.% GO and 0.5 wt.% GO nanofluids were applied. 
This attributed to the lower cutting temperature caused by the excellent thermal conductivity 
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of GO nanofluids, which carried away more heat from the cutting zone, especially under 
higher coolant pressure.  
 
Fig. 5.16 Tool wear with cutting time under different types of fluids 
 
5.4 Conclusion 
In this chapter, turning experiments were conducted to investigate the working mechanism 
and effect of GO nanofluids of various concentrations on surface quality, cutting temperature 
and the characterization of chip morphologies in turning titanium alloy. The following 
conclusions were reached: 
 Lower cutting speed and higher feed rate yielded higher chip thickness. When higher 
coolant pressure and GO nanofluids were applied, the chip thickness was lower than 
those achieved when CC coolant and lower coolant pressure were used. Higher 
concentration of GO nanofluids would result in better chip free surface and back 
surface of lamella structure. 
 Surface topography showed that GO nanofluids resulted in less scratch and plastic 
deformations than those processed by conventional fluid. The average surface 
roughness was 27.51% less when using GO suspended fluid. 
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 With the increase in concentration of GO, the chip thickness and chip compression 
ratio were decreased. 0.3 wt.% GO nanofluids were found to have better performance 
than 0.1 wt.% and 0.5 wt.% GO nanofluids in generating non-defective free surface. 
 Cutting temperature decreased by 30.87 , 34.90  and 36.80 , respectively when 
GO nanofluids of 0.1 wt.%, 0.3 wt.% and 0.5 wt.% were applied while the feed rate 
was 0.05 mm/rev and the pressure of coolant was 1 Bar. When feed rate was increased 
to 0.1 mm/rev, the cutting temperature increased as well. In the meantime, higher 
coolant pressure lead to lower cutting temperature under same cutting conditions. 
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Chapter 6 Quantitative analysis of cooling and lubricating effects of 
graphene oxide nanofluids in machining titanium alloy Ti-6Al-4V 
Ti-6Al-4V is widely used in industry due to its outstanding mechanical properties. However, 
the severe abrasion and high temperature at the interfaces cause different types of tool wear. 
To ensure high machining efficiency and high quality of machined surface, coolant fluid is 
often used to reduce the cutting temperature and friction. In this chapter, the cooling and 
lubricating effect of coolant with graphene oxide nanosheets suspension was investigated 
experimentally and theoretically. Cutting experiments were conducted to compare the 
performance between the conventional coolant and the coolant with graphene oxide 
nanosheets of different weight percentage (0.1% and 0.5%). Cutting forces and temperatures 
on rake faces were measured in each cutting pass. An analytical model based on 
computational fluid dyanmics (CFD) was developed to investigate the temperature 
distribution and cooling efficiency quantitatively. Friction force and coefficient of friction at 
tool/chip interface and tool/workpiece interface were calculated to analyse the lubrication 
effects of different types of coolant. The calculated results showed that the performance of 
cooling and lubrication of the coolant was better with the addition of graphene oxide 
nanosheets. Flank wear and crater wear was analysed and the morphological characteristics 
proved the reduction on cutting temperature and friction force when coolant with graphene 
oxide nanosheets was used. 
 
6.1 Introduction 
Ti-6Al-4V is the most widely-used titanium alloy in industry due to its outstanding physical 
and chemical properties including lower density, high strength and good corrosion resistance 
[225]. However, the cutting conditions at the tool/chip and tool/workpiece interfaces are 
severe. The serious abrasion is always found at the interfaces, leading to different types of 
tool wear. Furthermore, huge amount of heat is generated in cutting Ti-6Al-4V due to the low 
thermal conductivity (6.7        ) and high strain rate [226]. The high cutting 
temperature at tool/chip interface and tool/workpiece interface leads to thermal-induced 
damage on the cutting tool and machined surfaces. To improve the machining efficiency and 
ensure the quality of machined surface, coolant fluid (or metalworking fluid) is widely used 
in industry due to the excellent  cooling and lubricating prosperities.  
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The main purpose of the application of coolant fluid is to reduce the cutting temperature as 
well as the friction at tool/chip and tool/workpiece interfaces. As a result, the methods on 
improving the effects of cooling and lubrication had been investigated for many years. Oil 
was the most widely-used cutting fluid in metal cutting processes decades ago [227], then, the 
water-based cutting fluids began to take the place of the cutting oil due to the better 
performance in high-speed cutting [228]. Today, various cooling methods including 
cryogenic cooling, minimum quantity lubrication (MQL) and coolant fluid with nanoparticle 
suspension were developed to  achieve better cooling and lubrication effects [229]. For 
example, cryogenic cooling uses liquid gas (generally liquid nitrogen    ) to create an 
extremely-low-temperature environment (-150 ℃ to -180 ℃) to reduce the temperature in 
metal cutting processes [151]. Dhananchezian et al. [48] found, compared with that of using  
conventional coolant, the surface roughness was reduced by 35% and the tool life was 
extended to 39% longer with the application of cryogenic cooling in turning Ti-6Al-4V. In 
drilling Ti-6Al-4V, Ahmed et al. [50] found that surface roughness, cutting force and cutting 
temperature reduced as most as 52%, 10% and 61% respectively when using cryogenic 
cooling. However, the complex devices of cooling and the safe methods to store huge amount 
of liquid     are the obstacles preventing the wide application of cryogenic machining in 
industry [230]. MQL, which greatly reduced the amount of coolant liquid, was considered as 
a promising and eco-friendly cooling method in metal-cutting works [230]. However, some 
researchers found that the performance of MQL in cutting hard-to-machine materials 
processes was limited. Su et al. reported that the cooling efficiency of MQL was limited in 
machining superalloys due to its low cooling capacity [231]. In the turning experiment 
conducted by Leppert et al., it was found that the reduction of cutting force when using MQL 
was not obvious, compared with the force of conventional cutting fluids. 
 
Nanofluids are produced by dispersing nanoparticles or nanosheets into the base liquid to 
enhance the cooling efficiency by enhancing the thermal conductivity of the cutting fluid 
[232]. The types of nanomaterial added into the coolant liquid are various. Li et al. [51] 
added       powders into oil-based coolant liquid to make a mixed nanofluids, and found 
through friction tests that the reduction friction force when using the nanofluids resulted in 
better lubrication than conventional fluid. Compared with nanoparticles of compounds, the 
nanosheets of graphite and related materials are gradually used to make nanofluids because 
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the lattice structure of graphite increases the contact area between the nanosheets and the 
friction pair, which provides better lubrication effect in metal-cutting processes [233]. Huang 
et al. [52] pointed out that adding graphite into oil and using it as cutting fluid could reduce 
cutting force and tool wear. The reduction on cutting temperature increased to 58 % in the 
study conducted by Samuel et al. [66], and the improvement of lubrication and the reduction 
of cutting force were 59 % and 26 % respectively. Similar with graphite nanosheets, graphene 
oxide nanosheet is a kind of nano-material consisting of two-dimensional sheets. This 
material is hydrophilic and can be dispersed in water to form stable colloidal suspensions 
[186]. Also, the graphene oxide nanosheet has extremely high thermal conductivity (5000 
          [64]). For both reasons, this material is promising as a type of additional 
suspension in cutting fluid in metal-cutting processes. In the experimental research of Smith 
et al. [67], the cutting temperature could be reduced by 50 % by using the coolant with 
graphene oxide nanosheets suspension. However, the research on the performance and 
mechanism of cooling and lubrication effect of graphene oxide nanofluids is limited.  
In this chapter, the performance of cooling and lubrication of coolants with graphene oxide 
nanosheet suspension was further investigated quantitatively. Titanium alloy Ti-6Al-4V was 
machined with PCBN inserts with conventional coolant and cutting fluids with graphene 
oxide nanosheet suspension. A finite element model and a thermal conductivity model of 
graphene oxide suspended fluids and conventional coolant were built and validated;  cutting 
forces and lubricant mechanism were analysed and discussed. In order to validate the finite 
element model of cutting temperature and cutting force, additional turning experiments using 
conventional cutting fluids and graphene oxide suspended fluid were conducted and results 
were compared. The results of this research will provide useful information to the industry 
and pave the way for further research in this area. 
6.2 Experiment 
6.2.1 Experimental setup 
The experiment was conducted to investigate the cooling and lubrication effects of coolant 
with graphene nanosheet suspension in industrial cutting processes. Three types of coolant 
were used in the experiment: conventional coolant (ROCOL Ultracut Clear, Table 6.1), 
coolant mixed with 0.1% weight percentage graphene oxide nanosheet (Sigma Aldrich, Fig. 
6.1 (a) and Table 6.2) and coolant mixed with 0.5% weight percentage graphene oxide 
nanosheet. For the preparation of coolant mixed with graphene oxide nanosheet, the powder 
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of nanosheet was added into the 1 kg conventional coolant. Then, the mixed coolant was 
processed via ultrasonic vibration at the frequency of 25 kHz in order to break large blocks of 
nanosheet in the liquid. The vibration process was repeated before every cutting test to ensure 
the uniformly distribution of the nanosheet in the coolant, and the sample of the three kinds 
of coolant used in the cutting experiment were presented in Fig. 6.1 (b).  
 
Table 6.1 Property and composition of conventional fluids 
Density (g/cm3) Mineral oil Natural oil Water Others 
0.95 20% 20% 60% <1% 
 
Table 6.2 Properties of Sigma Aldrich graphene oxide nanosheet 
Purity Thickness 
(nm) 
Diameter (nm) Layers Specific surface area 
99% 1-1.77 0.5-5 1-5 300-450 
 
     
Fig. 6.1 (a) Morphology of graphene oxide nanosheet under transmission electron 
microscopy (b) three kinds of coolant  
Ti-6Al-4V rods with the diameter of 20 mm were selected as the workpiece, and CBN tools 
(SECO) with the   rake angle and     clearance angle were used in the experiments. Fig. 
6.2  presents the experimental setup for the cutting test. The experiment was to turn the 
titanium alloy rods using a CNC lathe. The pressure of coolant was changed by a pressure-
adjustable pump, and coolant pressures of 1 Bar and 10 Bar were adopted in the cutting 
processes. The cutting depth and the feed rate were fixed as 0.1 mm and 0.05 mm/rev, both of 
2. GraO_0.1% 
3. GraO_0.5% 
1. Con_Cool 
1 3 2 
(a) (b) 
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which were used for finish turning in industrial practice [234]. Three different cutting speeds 
(80 m/min, 160 m/min and 240 m/min) were used to test the performance of the different 
types of coolant in conventional cutting and high-speed cutting processes.  
In each cutting pass, the signals of main cutting force (Y direction/tangential direction),  
feed force (Z direction/axial direction) and back force (X direction/radial direction) were 
obtained by the force measurement system including a 3-axis dynamometer (Kistler 9257B), 
an amplifier (Kistler 5070A), a DAQ card and the software program SignalExpress. Also, a 
K-type thermocouple (Omega OB-400) was used to measure the average temperature in each 
cutting pass. A groove was machined near the tool tip via wire electrical discharge machining 
to fix the temperature sensor on the rake face. Then, the thermocouple was calibrated by 
using a thermocouple calibrator (MS7220) to develop the relationship between the voltage 
(acquired signals) and the temperature as well as to ensure the accuracy and reliability of the 
measurements. 
 
 
Fig. 6.2 Experimental setup of the cutting test 
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6.2.2 Experimental results 
Fig. 6.3 presents the experimental data of cutting temperature. The reduction of cutting 
temperature reflects the cooling effect of the coolant with graphene oxide nanosheets. 
Compared with the temperature when using 1 Bar conventional coolant, the temperature 
reduction at different cutting speeds was averagely 15 ℃ when GraO_0.1 was used, and the 
reduction of temperature reached over 30 ℃ when the concentration of graphene oxide 
nanosheet was larger. Cutting temperature was reduced due to the application of higher 
coolant pressure, and the influence of the concentration of graphene oxide nanosheets on 
temperature was less obvious. Specifically, the reduction of temperature was within 10 ℃ 
when using the coolant of GraO_0.5% at the cutting speeds of 80 m/min and 160 m/min, 
compared with that of using the coolant of GraO_0.1%. The largest reduction of temperature 
was found at the highest cutting speed, 20 ℃. 
 
Fig. 6.3 Measured cutting temperature under different cutting conditions (a) temperatures of 1 
Bar coolant pressure (b) temperatures of 10 Bar coolant pressure 
 
Fig. 6.4 shows the measured values of main cutting force and feed force in each cutting pass. 
From Fig. 6.4(a) and Fig. 6.4(b), it is found that the main cutting force decreased with the 
increase of the concentration of graphene oxide nanosheet in the cooling fluid, and the force 
reduction was around 30 N and 40 N when the coolants with 0.1% w.t. and 0.5% w.t. 
graphene oxide nanosheets were used. The maximum reduction was found at the cutting 
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speed of 80 m/min when the coolant pressure was 1 Bar, specifically, the main cutting force 
reduced by 56 N and 87 N respectively when coolants of GraO_0.1% and GraO_0.5% were 
adopted. The main cutting force was smaller under the higher coolant pressure compared with 
that of normal pressure. In comparison, the influence of the type and the pressure of coolant 
on feed force was insignificant. The change of feed force did not present an obvious trend 
with the increase of the concentration of graphene oxide nanosheets. The forces under 
different cooling conditions fluctuated around 63 N at the cutting speeds of 80 m/min and 
160 m/min. Minor reduction on feed forces could be found at the cutting speed of 240 m/min. 
 
 
Fig. 6.4 Cutting forces under different cutting conditions (a) main cutting forces of the 1-Bar 
coolant pressure (b) main cutting forces of the 10-Bar coolant pressure (c) feed forces of the 
1-Bar coolant pressure (a) feed forces of the 10-Bar coolant pressure 
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6.3. Analysis of cooling effects  
6.3.1 CFD Modelling of the cooling process 
To further investigate the cooling effects of three kinds of coolant theoretically, a hybrid 
CFD-analytical model was developed to describe the heat transfer on tool surface during the 
cutting processes. The flow is governed by the continuity equation, the momentum equation 
and energy equation [235]. In this study, the cooling process in cutting was solved as a two-
dimensional problem, therefore, the governing equations of the dynamic coolant were 
simplified as follows: 
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where u and v are the two orthogonal directions in Cartesian coordinate system. 
The simulation of the cooling process was conducted in ANSYS Fluent, the model and the 
boundary conditions are presented in Fig. 6.5. In the model, the cooling fluid is the 
incompressible viscous liquid; the change on density, viscosity, and thermal conductivity of 
the coolant liquids are negligible in the range of the temperature change; the heat exchange at 
the interfaces are stable. 
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Fig. 6.5 The CFD model in ANASYS Fluent and boundary conditions 
Density, thermal conductivity and specific heat of the coolant were changed with the 
concentration of graphene oxide nanosheet, which can be calculated with the following 
equations [125, 236, 237], and the results are listed in Table 6.3. 
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Table 6.3 Physical and thermal properties of different kinds of coolant 
Coolant Density 
Thermal conductivity 
(        ) 
Specific heat 
(        ) 
Con_Cool 0.94 0.249 3.24 
GraO_0.1% 0.94 0.253 3.24 
GraO_0.5% 0.94 0.267 3.24 
 
Heat flux to the cutting tool via the tool/chip interface was calculated by a developed 
analytical model. In a metal cutting process, heat is generated by the shear deformation of 
workpiece material in primary deformation zone and by the tool/chip friction in the 
secondary deformation zone. The heat is mainly carried away by the chip flow, and a 
proportion of the heat is transferred by the application of coolant. During the cutting process, 
the rise of tool temperature was caused by the heat transferred from both the primary 
deformation zone  by the workpiece and the  secondary deformation zone by the chips (Fig. 
6.6(a)).  
  
 
          
(6-7) 
The heat transferred to the cutting tool is governed by the following equation [238]: 
                          (6-8) 
where          and            are the heat generated in the primary deformation zone and 
the secondary deformation zone respectively, which can be calculated as follows: 
                             
V cos cos
sin sin cos cos
 
   
(6-9) 
                               
Vsin
sin sin cos cos

   
(6-10) 
where,   ,   ,   ,    stand for shear force in primary shear zone, friction force at tool/chip 
interface, the shear velocity and the velocity of chip flow on rake face respectively (Fig. 
6.6(b)).       is the partition of the heat to chip flow, and the value was set as 0.82 based on 
the empirical results of relevant experiments [239]. The heat generated in different 
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deformation was calculated by adopting the measured cutting forces, geometric parameters 
and the cutting speeds, and the results are listed in Table 6.4. 
 
Table 6.4          and           (W) under different cooling conditions          
Coolant 
pressure 
1 Bar 10 Bar 
Cutting speed 80 m/min 160 
m/min 
240 
m/min 
80 m/min 160 
m/min 
240 
m/min 
Con_Cool 233.53 330.17 388.41 134.31 231.36 268.62 
GraO_0.1% 163.35 248.23 290.4 114.95 163.88 203.28 
GraO_0.5% 133.1 180.75 228.69 98.01 139.78 145.2 
           
Coolant 
pressure 
1 Bar 10 Bar 
Cutting speed 80 m/min 160 
m/min 
240 
m/min 
80 m/min 160 
m/min 
240 
m/min 
Con_Cool 51.87 130.34 200 67.83 140.98 212 
GraO_0.1% 61.18 143.64 200 73.15 146.3 220 
GraO_0.5% 49.21 114.38 192 58.52 127.68 204 
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Fig. 6.6 (a) Heat generation and transfer in cutting processes (b) Cutting parameters for the 
determination of heat flux 
The flow chart in Fig. 6.7 shows the calculation and validation processes . The heat flux q, 
which is the main input for CFD analysis, was calculated based on the analytical model via 
the MatLab2016R by adopting the cutting parameters and cutting forces measured in the 
experiments. Combining the pre-calculated properties of three kinds of coolant, the heat 
transfer model could be solved to obtain the temperature distribution on the tool rake face. 
The calculated results were compared with the measured average temperature to validate the 
hybrid analytical-CFD model. 
 
Fig. 6.7 Calculation and validation processes 
 
6.3.2 Calculated results 
Fig. 6.8 presents the temperature distribution on tool/chip interface within the range 0 to 2 
mm along the direction which is vertical to the cutting edge. To validate the model, the 
temperature at the position of the thermal couple was extracted to compare with the measured 
data (Table 6.5) and the error was within 20 %  
From the distribution of temperature, it was found that the temperature on tool rake faces 
reduced significantly at the position away from the cutting edge, and the addition of graphene 
oxide nanosheets did not affect the trend of temperature change. Furthermore, the highest 
temperature decreased significantly with the addition of graphene oxide nanosheets. The 
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maximum reduction on temperature at tool/interface can reach 100 ℃ when 0.5% w.t. 
graphene oxide was added into the coolant under the 1 bar coolant pressure.  
Table 6.5 Calculated temperature and experimental data 
Pressure 1 Bar 10 Bar 
Coolant V (m/min) Exp (℃) Cal (℃) Err (%) Exp (℃) Cal (℃) Err (%) 
Con_Cool 
80 113 96 15 86 69 19.8 
160 140 128 8.6 112 99 11.6 
240 165 153 7.3 143 126 11.9 
GraO_0.1% 
80 91 79 13.2 73 60 17.8 
160 125 109 12.8 99 87 12.1 
240 156 133 14.7 129 113 12.4 
GraO_0.5% 
80 75 64 14.7 66 54 18.2 
160 107 89 16.8 93 79 15 
240 131 113 13.7 109 96 11.9 
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Fig. 6.8 Distribution of temperature on tool rake face at different cutting speeds and coolant 
pressure 
 
To comprehensively investigate the cooling effect of different types of coolant, the heat 
transfer within the range 0 to 2 mm was analysed. A factor was defined by the ratio between 
the heat transferred to the cutting tool ( ) and the heat transferred away by the coolant (  ) 
was calculated.  
What is this equation for? 
In the following equation,    and   are the integration of the heat flux within their 
corresponding regions       and      ,    is the tool/chip contact length and    is the 
length of the tool/coolant interface which equals to (2-  ) mm. 
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The calculation was conducted via the post processor of ANASYS Fluent, and the results are 
presented in Fig. 6.9. Different from the temperature which was influenced by the 
concentration of graphene oxide nanosheets, the ratios are all around 7% without any obvious 
distinction. This means that the addition of graphene oxide nanosheets does not increase the 
proportion of the heat. 
 
Fig. 6.9 Distribution of temperature on tool rake face at different cutting speeds and coolant 
pressure 
6.3.3 Cooling mechanism 
It is believed that the cooling is the combined effects of heat exchange processes including 
conduction, convection, evaporation and very little radiation [67]. Among these types of heat 
transfer, the forced convection between the cutting tool and coolant is the dominant 
mechanism that the coolant transfers the heat away [240]. The heat transfer coefficient 
describing the heat convection was the function of Nusselt number, Reynolds number and 
Prandtl number, which is presented in the following form when machining cylindrical 
workpieces [241],   
              
         
 
(6-12) 
In this study, the fluid flow of coolant was considered as coolant jet ejected to the cutting tool 
and workpiece surface. With this flowing status, the Nusselt number could be determined 
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with the values of Reynolds number, Prandtl number and the geometric parameter G which is 
determined by the size of workpiece and the position of jet stagnation point [242]: 
       
                           (6-13) 
For cylindrical workpieces, the Reynolds and Prandtl numbers are determined by the 
properties of the coolant liquid (thermal conductivity K, density  , specific heat    and the 
dynamic viscosity  ) and the size of workpiece material (D), which are presented in the 
following equations [241]: 
          u                  
   
 
(6-14) 
         u                      
   
 
(6-15) 
In the form of convection coefficient h, it is found that the addition of graphene oxide 
nanosheets in coolant can hardly cause obvious change to the status of heat convection as the 
difference in the properties of the three types of coolant is insignificant, and this is in 
accordance with the results presented in Fig. 9. As a result, the heat transferred away by the 
coolant was not the only reason contributing to the reduction of cutting temperature. It is well 
known that the heat in metal cutting processes is generated by the chip formation (shear 
deformation of workpiece in material primary deformation zone) and the tool/chip abrasion in 
the secondary deformation zone [243]. According to the calculated results in Table 5(a), 
obvious reduction in the amount of heat generated in the primary deformation zone was 
found with the increase of the concentration of graphene oxide nanosheets, leading to the 
decrease of temperature at tool/chip interface. The energy of shear deformation was strongly 
influenced by the shear force which is one of the components of main cutting force. For this 
reason, it can be concluded that the reduction on cutting temperature was caused by the 
decrease of main cutting force due to the better lubrication of coolant with graphene oxide 
nanosheets, which will be introduced and discussed further in the following section.   
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6.4 Analysis of lubrication effect 
6.4.1 Calculation of friction force and friction coefficient 
In a cutting process, friction happens on the rake face and flank face due to the tool/chip and 
tool/workpiece abrasion. To investigate the lubrication effects on tool surface, the friction 
forces and friction coefficients on flank face and rake face were calculated when using 
different types of coolant. As presented in Fig. 6.10(a), to calculate the friction coefficients 
on different faces, the three components of the resultant cutting force F in the global 
coordinate system (XYZ) were firstly transferred into the corresponding components in the 
oblique cutting system. In the new coordinate system, the m axis and n axis form the plane 
which is vertical to the cutting edge, and l axis is parallel to the cutting edge. Mathematically, 
the transformation of cutting forces from the global coordinate system to the oblique 
coordinate system was conducted by using the rotating matrix [TM] [244], as presented in the 
following equations 
[
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Therefore, the three force components in the new coordinate system were calculated as 
follows: 
{
                                     
                                     
                                                             
(6-19) 
As shown in Fig. 6.10(b), on the rake face, the friction force and the force normal to the rake 
face were equal to Fn and Fm respectively; as a result, the friction coefficient       is 
presented as follows: 
      
     
     
 
  
  
 
               
                                 
(6-20) 
Similarly, the friction force on flank face was calculated using the following equation:  
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Fig. 6.10 (a) The global coordinate system and oblique cutting coordinate system (b) Forces 
in oblique plane 
 
Fig. 6.11 shows the calculated friction forces and friction coefficients on flank faces under 
different cutting conditions. A reduction in friction force on flank face in the range of 25% to 
50% could be found when the coolant with graphene nanosheet was applied. Specifically, the 
friction force in using GraO_0.1% was reduced 56 N, 32 N and 35 N compared with that of 
using conventional coolant when the pressure was 1 Bar. The friction force was reduced by 
over 40% with the application of coolant GraO_0.5% indicating better lubrication effect of 
the coolant with larger concentration of graphene oxide nanosheets. Under higher coolant 
pressure, the reduction in friction forces was significant as the applying of high pressure 
coolant increased the amount of lubricating liquid at the friction area [3]. Also, friction forces 
decreased with the application of graphene nanosheets in the coolant, the average reduction 
was 22 N and 39N respectively, especially, the force in using GraO_0.5% was only 50% of 
the force in using conventional coolant when the cutting speed was 240 m/min. Similar to the 
friction coefficient decreased with the application of graphene nanosheets in the coolant under 
different cutting conditions (Fig. 6.11(c) and Fig. 6.11(d)). However, the concentration of 
graphene nanosheet did not cause significant difference in friction coefficient, the reduction 
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was basically within 0.1 when increasing the concentration of graphene oxide nanosheets 
from 0.1% to 0.5%.  
 
 
Fig. 6.11 Calculated frictional forces and friction coefficients on flank faces: (a) friction force 
at 1 Bar coolant pressure (b) friction force at 10 Bar coolant pressure (c) friction coefficient at 
1 Bar coolant pressure (d) friction coefficient at 10 Bar coolant pressure 
 
The change of friction force and friction coefficient on rake face was different from that of on 
flank face (Fig. 6.12). Generally, both friction force and friction coefficient on flank face were 
relatively larger when the coolant with graphene oxide nanosheets was used. Under the 1 bar 
coolant pressure, the friction force increased with the increase of the concentration of 
graphene oxide nanosheets, however, the increment was within 10 N. Also, the effect of 
coolant pressure on the friction forces of rake face was insignificant. The friction forces 
fluctuated around 50 N under the 10-Bar coolant pressure of conventional coolant,  and it 
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was around 45 N when using GraN-0.1 under both 1 Bar and 10 Bar pressures, and the 
friction forces of different types of coolant were insignificant. As for the coefficient of friction 
on the rake face, the concentration of graphene oxide nanosheets did not cause too much 
difference at the low and normal cutting speeds. Smaller friction coefficients were found 
when conventional coolant was applied, and the decrease could reach to 0.34 (240 m/min, 10 
Bar).   
 
 
Fig. 6.12 Calculated frictional forces and friction coefficients on rake faces: (a) friction force 
at 1 Bar coolant pressure (b) friction force at 10 Bar coolant pressure (c) friction coefficient at 
1 Bar coolant pressure (d) friction coefficient at 10 Bar coolant pressure 
 
6.4.2 Lubrication mechanism 
Based on the calculated results, it is obvious that the lubrication effects were not the same on 
the two interfaces (the tool/chip interface and the tool/workpiece interface). On the flank face, 
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the significant reduction in friction forces when GraO_0.1% and GraO_0.5 were used reflects 
that the addition of graphene improved the lubricating effects of coolant. However, on rake 
face, the minor difference of friction force indicates that the addition of graphene oxide 
nanosheets did not reduce the tool/chip friction. To explain the difference of lubricating 
performance, the mechanism of lubrication on the two faces has to be analysed.   Sharma et 
al. had studied the lubrication mechanism of graphene nanosheets (Fig. 6.13) and found that  
graphene oxide nanosheets penetrated into the interfaces with the coolant liquid, and the 
laminate structure of graphene oxide was easily exfoliated by the shear forces forming a tribo-
film at the sliding interfaces [245]. Their study on the conclusion is correct when cutting 
speed is low.  
However, considering the characteristic of different sliding interfaces as well as the ability of 
penetration of the cooling fluid, according to the findings made by Childs [246], the liquid 
films cannot be formed along the tool/chip interface when cutting speed is high due to the 
intensive tool/chip contact and high cutting speeds. Moreover, the stress distribution on the 
rake face and flank face are different. As shown in Fig. 6.13(b), the normal stress on rake face 
      was larger than the normal stress on flank face        [247], which makes the coolant 
jet hardly penetrate into the tool/chip interface. Therefore, the coolant can only reach to the 
end of tool/chip contact area due to the intensive contact of tool rake face and chip back 
surface. This explained why the coolant pressure and concentration had minor influence on 
the friction force on rake faces. In comparison, the coolant can reach to the tip position and 
results in better lubrication effects on flank face, which is reflected by the significant 
reduction in friction forces. When increasing the coolant pressure or applying coolant with 
higher concentration of graphene nanosheet, the lubrication effect on flank face was 
significantly improved because both factors increased the amount of nanosheets in the 
lubricating process.  
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Fig. 6.13 Lubrication mechanism (a) the proposed lubrication mechanism [245] (b) the 
lubrication mechanism in this study  
 
6.5 Tool wear analysis 
Tool wear can directly reflect the effects of cooling and lubrication as the adhesive-abrasive 
process, which is the main mechanism of tool wear, is strongly influenced by the cutting 
temperature and chip-tool-workpiece friction. Specifically, flank wear is the material loss on 
flank face mainly caused by the tool/workpiece abrasion, and crater wear is stimulated by the 
high stress and temperature at tool/chip interface resulting in the loss of tool material and the 
adhesion of workpiece material on the rake face [248].  
The condition of flank wear was investigated by analysing the width of flank wear (VB) and 
the roughness of machined surface (Ra), both of which were measured by the Alicona 
microscope (Measurement Suite). The VBs for the three tools were 96 µm, 81 µm and 78 µm 
respectively when conventional coolant and coolant with graphene nanosheet of different 
concentrations were applied (Fig. 6.14). The reduction of 15% and 20% in VB proved the 
better lubrication ability of coolants with graphene oxide nanosheets suspension, which is in 
accordance with the reduction of friction force and friction coefficient in Section 4.1. Also, 
the lubrication condition when using different types of coolant was reflected by the roughness 
of machined surface (Ra). As was shown in Fig. 6.15, values of Ra were smaller with the 
using of GraO_0.1% and GraO_0.5%, and the maximum reduction in Ra can be 60 nm. This 
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phenomenon proved that the tool/workpiece abrasion was refined with the addition of 
graphene nanosheet. 
 
Fig. 6.14 Flank wear of the cutting tools under different coolant conditions 
 
 
Fig. 6.15 Roughness of machined surface under different cutting conditions (a) 1-Bar coolant 
pressure (b) 10-Bar coolant pressure 
 
The worn areas on rake faces were examined by Alicona (Measurement Suite), as shown in 
Fig. 6.16, the size of the worn area was reduced with the increase of the concentration of 
graphene oxide nanosheets. The depth of the crater (  ) and the tool/chip contact length       
were two factors describing the condition of tool wear on rake face. Based on the developed 
models, the crater depth was the function of temperature [249] and     mainly reflected the 
status of tool/chip abrasion [250]. It was found that    decreased with the addition of 
Con_Cool GraO_0.1% GraO_0.5% 
VB = 96 µm  VB = 78 µm  VB = 81 µm  
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graphene oxide nanosheet in coolants indicating reduction of the temperature at tool/chip 
interface. The tool/chip contact lengths       of the three tools are similar (around 180 µm). 
This indicates that the influence of graphene oxide nanosheet on abrasion at tool/chip 
interface was insignificant because the graphene oxide nanosheets could hardly penetrate into 
the interface due to the intensive tool/chip contact. 
 
 
 
 
Fig. 6.16 Crater wear of the cutting tools under different coolant conditions 
 
Fig. 6.17 shows the morphological characters of worn area when using different types of 
coolant via SEM, and defects caused by the adhesive-abrasive process was found on rake 
faces of tools. BUE were found on all three tools because of the blunt of the cutting edges. 
The abrasive areas within the worn areas shows that the tool/chip abrasion on the three faces 
was severe. Surface near the tool/chip contact area was burned, which means the temperature 
of chip flow when using conventional coolant was much higher than that of using the coolant 
Con_Cool GraO_0.5% GraO_0.1% 
𝑳𝒕𝒄  𝟏𝟖𝟑 𝝁𝒎 
𝑳𝒕𝒄  𝟏𝟕𝟒 𝝁𝒎 
𝑳𝒕𝒄  𝟏𝟕𝟕 𝝁𝒎 
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with graphene oxide nanosheets. Also, the adhesion layer was found near the cutting edge of 
the tool with the coolant GraO_0.5%. In contrast, the adhesion layer on the other tools were 
not as obvious. Because of the higher temperature at the tool/chip interface, the adhesion 
layer as well as the part of tool material adhered were easier to be removed by the chip flow. 
 
      
 
Fig. 6.17 Worn areas of tools under different types of coolant: (a) Con_Cool (b) GraO_0.1% 
(c) GraO_0.5 
 
6.6 Conclusion 
The cooling and lubrication effects of three types of metalworking fluid were investigated: 
Con_Cool, GraO_0.1%, and GraO_0.5%. Experiments of turning Ti-6Al-4V were conducted 
Abrasive area 
BUE 
Abrasive area 
BUE 
Adhesive layer 
BUE 
Burning 
Abrasive area 
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under different cutting conditions, and a CFD-analytical model was developed to analyse the 
distribution of cutting temperature.  Friction force and friction coefficient were calculated to 
quantify the lubrication effect at the tool/chip interface and the tool/workpiece interface. The 
worn areas on tool surface were examined to investigate the cooling and lubrication 
mechanisms. By analysing the change of cutting temperature, friction force, friction 
coefficient and the morphological characters of tool wear, the mechanisms of cooling and 
lubrication at different interfaces were discovered:  
 
The measured cutting temperature was reduced when the coolant GraO_0.1% and 
GraO_0.5% were applied. Also, the temperature at tool/chip interface decreased significantly 
with the increase of the concentration of graphene oxide nanosheets in the fluids. Near the 
tool/chip interface, 7% of the total heat was transferred away by the heat convection between 
tool surface and the coolant, and the influence of the addition of graphene oxide nanosheets 
on heat convection process is limited.   
Both friction force and friction coefficient on flank face were reduced significantly with the 
addition of graphene oxide nanosheets because the smaller normal pressure made the 
nanosheets easier to penetrate into the tool/workpiece interface reducing the tool/workpiece 
abrasion. On tool rake face, the change of friction force under different types of cooling 
conditions were insignificant as the coolant can hardly reach the tool/chip interface due to the 
intensive tool/chip interact.  
The effects of cooling and lubrication of different types of coolant were reflected by tool wear. 
The reductions in VB proved the better lubrication ability of coolant with graphene oxide 
nanosheets suspension. Similar values of     proved the minor influence of graphene oxide 
nanosheet on abrasion at tool/chip interface;  and the difference on    as well as the worn 
morphology proved the better cooling effect of GraO_0.1% and GraO_0.5%. 
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Chapter 7 Nanofluids based on graphene oxide nanoparticles in 
conventional fluids as cooling media in drilling process 
Titanium and its alloys are difficult to machine due to their high chemical reactivity and poor 
thermal conductivities. One of the key challenges in machining titanium components is the 
making of high-quality holes which is driven by the demands from aerospace industry. This 
chapter is focused on drilling titanium alloy (Ti-6Al-4V) with a new graphene oxide 
suspended cutting fluid. A series of cutting experiments were conducted to investigate the 
effects and working mechanisms of the new fluid. Thermal conductivities of conventional 
coolant and the graphene oxide suspended fluid was measured; the effects of different cutting 
parameters such as cutting speed and feed rate were analysed; thrust force, surface roughness, 
tool wear and the formation and morphology of chips were discussed. To investigate the 
performance of graphene oxide suspended cutting fluid, similar experiments were conducted 
with conventional coolant as well. A significant reduction in cutting force of up to 17.21% 
and a dramatic improvement in surface roughness of 15.1% were achieved by using the new 
graphene oxide suspended cutting fluid. 
 
7.1 Introduction 
Titanium alloys have been widely used in the aerospace, automotive and biomedical 
industries owing to their excellent properties, which include high tensile strength and 
toughness, light weight-strength ratio and extraordinary corrosion resistance [1]. However, 
due to their high chemical reactivity and low thermal conductivity which lead to rapid 
temperature rise in the cutting area and cause premature tool failure, titanium alloys are 
difficult to machine. Many efforts have been made by researchers in the past decades to 
improve the machinability of Titanium alloys. In addition to applying new tool materials such 
as coated cemented carbides, polycrystalline diamond (PCD), polycrystalline baron nitride 
(PCBN) and cubic-boron-nitride (CBN) [2-5], an effective approach is to find solutions to 
reduce the cutting temperature which is the root cause leading to the poor machinability. 
Minton et al. [6] investigated indirect cooling with a diamond-coated internally-cooled 
cutting tool whilst machining titanium and found that reducing the cutting temperature could 
increase tool life by 5%. Yamaguchi et al. [7] found that magnetic abrasive finishing of 
cutting tools reduced cutting heat in machining titanium alloys because of the reduction in 
friction at the chip-tool interface and thus extended tool life. Huang et al. [8] investigated the 
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drilling of SiCp/Al metal matrix composite with PCD tools and found the higher the cutting 
speed to use, the better the surface finish to be achieved. Recently, various attempts to reduce 
tool wear and increase workpiece quality have been made by using different coolants such as 
liquid nitrogen     , oil and water. For instance, Dhananchezian et al. [48] found that 
cryogenic cooling could reduce surface roughness and tool wear by a maximum of 35% and 
39% over wet machining, respectively. Paul and Chattopadhyay [49] found that cryogenic 
cooling could substantially reduce the temperature by up to 34% in the grinding zone. In 
cryogenic drilling of Ti-6AL-4V alloy under liquid nitrogen cooling, Ahmed et al. [50] found 
that surface roughness of the workpiece was reduced by 4.36–51.67%, cutting force was  
decreased by1.23–9.67% and the cutting temperature was lowered by 28–61% with the 
application of cryogenic     coolant. Li et al. [51] compared the characteristics of two 
different fluid lubrications in which oil and oil with       powder were used respectively, 
and found that oil with       powder could further reduce friction and resulted in better 
lubrication than conventional fluid. Huang et al. [52] pointed out that adding graphite into oil 
and using it as cutting fluid could reduce cutting force and tool wear. Lee et al. [53] 
concluded that, as an additive in the coolant, graphite nano-powder increased the lubrication 
and reduced the friction between the tool and workpiece.  
 
Minimum quantity lubrication (MQL) is an environmentally feasible alternative to flood 
cooling. In MQL, minimum lubricant is dispensed to the tool-workpiece interface by a 
compressed air flow. It thus combines the functionalities of both cooling and lubricating at 
the tool-workpiece interface with an extremely low consumption of lubricants. By using 
biocompatible palm oil in machining titanium alloy, Rahim and Sasahara [54] found that 
using MQL reduced 6.5% of cutting force. In drilling titanium workpiece with two different 
types of MQL, Zeilmann and Weingaertner [55] found that cutting temperatures of applying 
MQL internally through the tools were 50% smaller than those obtained by applying MQL 
with an external nozzle. However, due to the limited cooling improvements MQL achieved, 
other than some special applications where a coolant system is not practical, e.g., robot-based 
drilling of large components, so far the rate of adoption of MQL is still very low.  
 
Graphene oxide is a new material that is synthesized from synthetic graphite powder. It has 
excellent mechanical, electrical, thermal and optical properties and has been used in a lot of 
areas such as solar, touch screen and biosensors. Graphene oxide has a similar layered 
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structure as graphite, but the plane of carbon atoms in graphite oxide is heavily decorated by 
oxygen-containing groups, which not only expand interlayer distance but also make the 
atomic-thick layers hydrophilic. One of the outstanding properties of graphene oxide is its 
excellent thermal conductivity, which is as high as 5000           [64]. This excellent 
property makes graphene oxide particles a heat transferring media which can be applied as 
cutting fluid in machining difficult-to-cut materials such as titanium. Elomaa et al. [65]  
found that graphene oxide water dispersions exhibited smaller friction effects in diamond-like 
carbon vs. stainless steel tribological contacts and it had lower friction coefficient than water 
without graphene oxide powder. Samuel et al. [66] found that  the reduction in cutting 
temperature could be up to 58%, the improvement in lubrication could be up to 58.73% and 
the reduction in cutting force could be up to 26% when graphene colloidal suspensions were 
used. In another research, Smith et al. [67] found that the graphene oxide colloidal 
suspensions resulted in a 50% reduction in cutting temperature. Compared with     
cryogenic cooling, similar performance, if not better, was achieved by using graphene 
suspended coolant, however, it is much easier to implement in the experiments. Although 
research on the application of graphene oxide added coolant has been conducted by a few 
researchers [68], there is a lack of in-depth understanding of its machining mechanisms and it 
is unclear what effects graphene oxide suspensions have on the cutting tools and workpiece. 
Hole making or drilling is one of the most important machining tasks particularly in 
aerospace industry in which titanium alloys are widely used. To the best knowledge of the 
authors, little research has been conducted in using graphene oxide suspended fluid as a 
coolant to drill Ti-6Al-4V. Based on the properties of graphene oxide and relevant research 
carried out so far, it is reasonable to predict that adding graphene oxide powder into coolant 
may result in substantial enhancement of thermal conductivity, lubrication and consequently, 
the higher thermal conductivity may result in much better cooling effects, lower cutting 
temperature, smaller cutting force and better hole quality. This pilot work will provide useful 
information to the industry and stimulate further research in this area because the 
fundamental knowledge is far from clear [66, 68].  
 
This chapter investigated the drilling of Ti-6Al-4V with Tungsten carbide (WC) tools and 
nanographene oxide powder suspended coolant. Thermal conductivities of grapheme oxide 
suspended fluid and conventional coolants were measured, cutting forces, hole quality and 
chip morphology which are important factors indicating the effectiveness of the new coolant, 
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were analysed, machining mechanisms were discussed. In order to find the increase in cutting 
performance, additional cutting experiments based on conventional cutting fluid were 
conducted as well, results between graphene oxide suspended fluid and conventional coolant 
were compared. 
 
7.2 Experimental set up  
The dimension of titanium alloy (Ti-6Al-4V) workpiece is (                ). 
The chemical compositions of the workpiece (wt.%) are shown in Table 7.1, the mechanical 
properties are listed in Table 7.2. WC tools manufactured by ISCAR (SCD 080-043-080) 
were used for the drilling tests. The diameter of the tool is 8mm and the point angle is     . 
The drilling parameters are detailed in Table 7.3. The conventional cutting fluid to be used is 
ROCOL_Ultracut Clear coolant manufactured by ITW Polymers&Fluids Co., Ltd Australia; 
its composition is shown in Table 7.4. 
 
Table 7.1 Chemical compositions of Ti-6Al-4V alloy (wt.%) 
Ti          Al        V       Fe        O        C        N         H 
89.464     6.08      4.02      0.22      0.18      0.02      0.01      0.0053 
 
Table 7.2 Mechanical properties of workpiece (Ti-6Al-4V)     
Hardness (HV20)          600 
Melting point (
◦
C)         1660 
Ultimate tensile strength (MPa)        832 
Yield strength (MPa)          745 
Impact-toughness (J)          34 
Elastic modulus (GPa)          113 
Density (g/cm
3
)         4.50 
Thermal Conductivity at 20 
◦
C (W/mK)      6.6 
Elongation(%)                                                       8                                                                  
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Table 7.3 Cutting parameters for drilling tests 
Spindle speed (rpm)                              800/1600/2400/2880 
Feed (mm/rev)                 0.1/0.12/0.15/0.18 
Hole diameter (mm)                       8 
Hole depth (mm)            8 
Coolant                Graphene oxide suspended fluid/ Conventional coolant 
 
Table 7.4 Composition of ROCOL_Ultracut Clear coolant 
Mineral oil (solvent refined)                        10-30% 
Saponified natural oil          10-30% 
Corrosion inhibitor          <1% 
Biocide          <1% 
Fluorescein dye         <1% 
Water         30%-60% 
Density         0.95g/cm
3 
 
The parameters of graphene oxide powder used in the experiments are shown in Table 7.5. 
Graphene oxide is an atomic sheet of graphite decorated by several oxygenated functional 
groups on its basal planes and at its edges; it is composed of a single-layer nanosheet or few-
layer nanosheet. In this research, few-layer graphene oxide powder will be added into 
RocolUltracut Clear cutting fluid, the concentration of the coolant is 0.1wt.%. According to 
Samuel et al.[66], with the increase of the concentration of grapheme oxides, the thermal 
conductivity of the coolant would be increased. When the concentration was 0.1%, there was 
a significant increase in thermal conductivity to          . However, when the 
concentration was increased from 0.1wt.% to 0.5wt.%, the incremental gradient of the 
thermal conductivity became smaller and smaller. Therefore, the most cost effective 
concentration was 0.1wt.%. Moreover, under 0.1wt.%, Graphene oxide (GO) coolant had a 
big influence on fluid contact angle. According to Samuel et al, when it contained only 0.1% 
graphene, the cutting fluid has a great propensity to wet the tool. Therefore, 0.1wt.% of GO 
coolant was chosen in the experiment. A small pumping system (Fig.7.1) was designed to 
apply the graphene coolant in the machining process.  
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Table 7.5 Properties of Graphene oxide  
Purity (wt.%)         >95 
Thickness (nm)         1.0-1.77 
Layer diameters (nm)         0.5-5 
Layer (m
2
/g)         1-5 
Specific surface area         300-450 
 
Fig. 7.1 Experimental of the coolant system : (a) Drill Mounting;  (b) Coolant Circulation 
System;  (c) Drill Setup;  (d) Power Supplier. 
 
The experiments were conducted on a three-axis vertical CNC milling machine (HASS). A 
six component dynamometer (Kistler 9257B) was used to measure the thrust force and torque. 
An eight channel charge amplifier (Kistler 5070A) was used to amplify the signals which 
were transferred to the data acquisition card (NI DAQ DE6213). The signals were processed 
with LabView. The workpiece was mounted on the dynamometer. The bottom surface of the 
coolant tank was fixed between the workpiece and the dynamometer. The hole quality and 
surface roughness were examined by using SEM (Philips XL300 scanning electron 
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microscope) and Alicona microscope. Energy Dispersive Spectroscopy (EDS) was used to 
analysis the chemical elements on the hole surface to investigate the machining mechanism. 
A total of 32 cutting experiments were conducted, chips generated from the first to the thirty 
second holes with two different coolants were checked to investigate the chip formation 
process and its characteristics. The material adhered to the hole surface and chemical 
composition of the chips were analysed by using EDS as well. The thermal conductivities of 
the conventional coolant and the graphene oxide suspended fluid (0.1 wt.% concentrations) 
were measured by using a KD2 Pro thermal properties analyser (Decagon Devices). The 
range of the thermal conductivity the sensor needle can measure was 0.2 to 2      with 
an accuracy of    .  
 
7.3 Results and discussion 
7.3.1 Thermal conductivity of cutting fluids 
Due to the excellent thermal conductivity of graphene oxide, the thermal conductivity of 
graphene oxide suspended cutting fluid should be higher than that of conventional coolant. 
Theoretically, the thermal conductivity of the mixed coolant can be calculated by using the 
following equation [251]: 
      [
                          
                     
]                                           (7-
1) 
 
Where,      is the thermal conductivity of graphene oxide suspensions,    is the thermal 
conductivity of conventional coolant,     is the thermal conductivity of graphene oxide 
particles,   is the volume fraction of graphene oxide particles, and   is an empirical 
scaling factor that takes into consideration how different graphene oxide particle shapes 
affect thermal conductivity. In our experiment,            (ITW Polymers&Fluids 
Co., Ltd Australia) and                    [64] and      . By substituting these 
values into Eq (1),             .  
 
Compared to   , it can be seen that     increased by up to 66%. To validate the calculation 
results, the thermal conductivities of these two types of coolants were measured by using the 
KD2 Pro Thermal Properties Analyzer (Fig. 7.2a).  Each measurement took about 90 
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seconds. To ensure the reliability of test results, each test was repeated 4 times. The average 
of the 4 measurements was used as the final conductivity. 
 
    
Fig. 7.2 Thermal conductivity measurement: (a) The instrument and setup; (b) Results from 
measurement and calculation 
 
Results of calculation and measurement are shown in Fig. 7.2 (b). The measured thermal 
conductivity of conventional coolant is         , while that of graphene oxide suspended 
fluid is           . The increase in thermal conductivity caused by graphene oxide 
nanoparticles is up to 47.81%. In comparison, the thermal conductivity of grapheme oxide 
suspended fluid calculated by using above equation is 0.83. It can be seen that the calculation 
results match the measurement very well. This indicates that the model is correct and can be 
used to calculate the thermal conductivity of graphene oxide suspended fluid of different 
concentrations. From Fig 7.2, it can also be seen clearly that the thermal conductivity of 
graphene oxide suspended coolant is much higher than that of conventional cutting coolant. 
The significant increase in thermal conductivity indicates that more cutting heat generated in 
the cutting process could be dissipated/taken away by the graphene oxide suspended coolant, 
which, in turn, will result in  a dramatic reduction in cutting temperature [67]. One of the 
best examples is the micro-turning operation conducted by Samuel et al. with a cubic-boron 
nitride (CBN) cutting tool. In their experiment, a significant temperature reduction of 58% 
was achieved in comparison with their baseline cutting fluid: Castrol Clear-edge 6519 (12.5% 
dilution). 
 
(a) (b) 
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7.3.2 Tool wear  
The preliminary experimental results show that tool wear occurred on the drill after drilling 
32 holes with two different coolants. Surfaces of both tools were examined by a Leica optical 
microscope. As was shown in Fig. 7.3 and Fig. 7.4, the wear on tool surface under GO 
suspended coolant was insignificant after 32 drilling processes. In contrast, adhesive wear 
was found on the cutting tool under normal coolant. Specifically, adhesions of titanium chips 
were found at the cutting edge (the circled region). This could be explained by the better 
cooling effects of GO suspended coolant. The thermal conductivity of the coolant was 
increased due to the addition of graphene oxide powder. Therefore, temperature at tool/chip 
interface was reduced. This, to some extent, prevented the development of adhesion on tool 
surface. Furthermore, spalling of tool material caused by tool/chip abrasion was found on the 
tool surface under normal coolant, but smooth contour of the tool surface was found when 
GO suspended coolant was applied (Fig. 7.3). This proved that the friction at the interface 
between the chip and the drill was less severe. As was found by Kosynkin et al. [252], in a 
metal cutting process, a film of graphene oxide was formed at tool/chip interface which 
prevented the abrasion when graphene oxide powder was added into the coolant. In addition, 
Liang et al. [155] found that friction coefficient at tool/chip interface decreased by 27.9% 
when graphene oxide powder was added into the coolant. In our drilling process, a significant 
decrease of friction coefficient caused by the formation of lubrication films was up to 
37.14 %. This contributed to the reduction of abrasion which prevented the spalling caused 
by friction.   
 
Fig. 7.3 Tool wear under different coolant: (a) Conventional coolant; (b) Graphene oxide 
suspended fluid. 
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Fig. 7.4 Flank wear under different coolant: (a) Conventional coolant; (b) Graphene oxide 
suspended fluid. 
7.3.3 Hole surfaces 
Fig. 7.5 and Fig. 7.6 show SEM images of hole surfaces drilled with conventional coolant 
(CC) and GO suspended fluid when the spindle speed was 800 rpm and feed rate was 0.1 
mm/rev. This group of parameters resulted in the worst surface roughness among the 32 tests 
according to the data shown in Fig. 7.7. In Fig. 7.5(b), it can be seen that micro cracks were 
caused on the surfaces machined with conventional coolant. During the drilling operations, 
new surfaces were generated through plastic deformation and crack propagation, in which the 
workpiece was subject to intense mechanical stresses and localized heat generated by the drill 
bits. One of the factors that contributed to the generation of these micro cracks were the 
mechanical thermal instability as a result of high temperature. The fluctuation of temperature 
at the tool–chip interface led to the modification of stress distribution at the cutting region, 
which further promoted the formation of cracks. The small white spherical material shown in 
Fig. 7.5(b) were droplets caused by the wire-cut electrical discharge machining (W-EDM) 
process, which was used to cut open the holes for the examination of the surface quality. 
 
Because the graphene oxide powder used in the experiments was nano powder, it was easier 
for GO to penetrate into the cutting region. These enhancing effects would result in better 
lubrication between the tool and workpiece, and led to the decrease of friction coefficient 
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between the cutting tool and workpiece. Therefore, less damage were caused to the hole 
surface in comparison to the usage of regular coolant.    
 
  
Fig. 7.5 SEM images of hole surface machined with conventional coolant: (a) Hole surface 
150x; (b) Hole surface 500x. 
  
Fig. 7.6 SEM image of hole surface machined with GO suspended fluid: (a) Hole surface 
150x; (b) Hole surface 500x. 
Element test area (b) 
Element test area (a) 
Crack 
Droplet 
Crack 
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Fig.7.7 Surface roughness under different feed rate and spindle speed: (a) Feed rate: 0.1 
mm/rev; (b) Feed rate: 0.12 mm/rev; (c) Feed rate: 0.15 mm/rev; (d) Feed rate: 0.18 mm/rev. 
 
Surface roughness of holes machined with different cutting parameters was measured with 
Alicona microscope. The calculation was conducted through a standard roughness calculation 
procedure by using the following equation: 
    
 
 
 ∫ |    |   
 
 
                                                         (7-
2) 
where,   is evaluation length,      is profile height function.  
Fig. 7.7 shows the measured data of hole surfaces when two different types of coolants were 
used. The feed rates used in both processes were the same, which were 0.1mm/rev, 
0.12mm/rev, 0.15 mm/rev and 0.18 mm/rev. Generally, the surface roughness increases with 
the increase in feed rate and spindle speed [253]. When feed rate was 0.1 mm/rev, surface 
roughness ranged from 0.69    to 0.72   . However, when graphene oxide suspended 
fluid was applied, while it ranged from 0.60    to 0.69   , the reduction rate is up to 
15.1%. When feed rate was increased to 0.12 mm/rev, it can be seen that surface roughness of 
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holes machined with conventional fluids ranged from 0.74    to 0.90   . While with GO 
coolant, the surface roughness ranged from 0.68    to 0.76   , which indicated surface 
roughness was reduced by 8.10% when GO coolant was used. When feed rate was increased 
to 0.15 mm/rev and 0.18 mm/rev, the surface roughness decreased by 13.6% and 10.81%, 
respectively. This is due to the excellent performance in thermal conductivity caused by 
graphene oxide, which reduced the cutting temperature [65-67], as well as the increased 
lubrication at the tool-workpiece interface. When graphene oxide suspended fluid was used, 
the friction force between the tool and workpiece was reduced due to increased lubrication 
caused by the coolant, which in turn resulted in lower surface roughness in comparison with 
using conventional coolant [65, 254].   
 
Chemical components of hole surfaces drilled with two different coolants were examined by 
EDS. Fig. 8 (a) shows the EDS results of materials deposited on the workpiece surface when 
conventional coolant was used. It was found that the materials mainly consisted of Ti, O, V, 
C, Al, Cu, However, in Fig. 7.8 (b) which shows the material when grapheme oxide 
suspended fluid was used, the proportion of oxygen and carbon elements found on the hole 
surface was larger than those on the surfaces of holes machined with conventional coolant.  
  
Fig.7.8 Element composition of the surface under two different coolant: (a) Hole machined 
with CC coolant; (b) Hole machined with GO coolant. 
 
Normally, graphene oxide is in the form of sheets, it has 0.5-5 nm layer diameter in every 
sheet, which could reduce the shearing stress and lessen the friction between tool and 
workpiece [255]. Fig. 7.9 shows the SEM images of the graphene oxide powders which were 
sampled after 10 hours of the drilling experiments. The agglomeration of graphene oxide 
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powders may cause not only clogging but also the decrement of thermal conductivity of the 
fluid. To prevent the occurring of agglomeration of the powders, usually the fluid should be 
ultrasonicated for more than 60 minutes to break down the large agglomerates to get 
homogenous distribution of nanoparticles. In our experiments, owing to the low viscosity of 
the coolant and the small weight fraction of the powder, the graphene oxide suspended fluid 
was flushed continuously for 6 hours to completely mix the powder. Although this method 
was rough and may cause ununiformed distribution of powders, considering the high flow 
speed and the huge volume of fluids cycling in the drilling process, this result was acceptable.  
  
Fig. 7.9 SEM image of graphene oxide sheets when added into conventional coolant:  
(a) Graphene oxide sheets; (b) Graphene oxide single flakes. 
 
Chip geometry is another factor that affects the quality of holes. As was found by Batzer et al. 
[256], the contribution made by continuous chips to surface roughness were less than those 
made by irregularity chips, in which case additional friction force occurred on the clearance 
angle of the circumference of the tool and the hole surface due to the chip flow. Therefore, it 
is important to investigate how the chips are formed in these drilling processes. 
 
7.3.4 Chips analysis 
7.3.4.1 Chips morphology 
The shape of the chip is an important indicator that reflects the smoothness of a drilling 
process. Chip formation in drilling titanium and its alloys were quite different from that of 
drilling other materials. Generally, there are four main types of chips in the drilling process 
(a) (b) 
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which are spiral chip, lamellar chip, segmented chip and string chip. In this study, continuous 
spiral chip and squeezed string chip were found in the experiments when spindle speed was 
below 1600 rpm and feed rate was 0.12 mm/rev. Based on the mechanism of chip formation 
in drilling titanium alloy [257, 258], the deformation of removed workpiece material and its 
flow on the rake face of the cutting tool generates continuous chips during the cutting process. 
However, welding of the workpiece material on the rake face would happen under extremely 
high cutting temperature which would soften the titanium alloy near the cutting edge. The 
welding of workpiece material obstructed the chip flow and generates squeezed string chips. 
As shown in Fig. 7.10(a), the squeezed string chips were generated due to the welding at 
tool/chip interface, indicating the temperature near the cutting edge was extremely high when 
conventional coolant was applied. In contrast, spiral chips were formed when graphene oxide 
suspended fluid was used, which means there was a significant reduction in cutting 
temperature in this region because of the application of graphene oxide suspended fluid. It is 
known that the change in cutting temperature and cutting speed may change the morphology 
of chips, and tool-chip contact length increased with feed rate. This change provides an 
indication of the contact area between the chip and the tool [251]. 
 
 
Fig. 7.10 Drill process schematic of chip morphology: (a) Spiral chips[256]; (b) String chips 
 
Fig. 7.11 shows SEM images of the chip morphology under two different coolants, the 
spindle speed was 800 rpm and feed rate was 0.12 mm/rev. The free surfaces of string chips 
are shown in Fig. 7.12 (a), while Fig. 7.12 (b) shows the morphology of spiral chips 
generated when  graphene oxide suspended fluid were used. The transformation in the 
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lamella structure tends to occur with the increase in work material hardness, the value of 
cutting speed and the undeformed chip thickness [259]. However, when using conventional 
coolant, it can be seen in Fig. 7.12 (a) that a lamella structure which was different from that 
formed under GO suspended coolant (Fig. 7.12(b)) was generated, and irregular chips were 
formed on the free surface. In comparison with the process in which spiral chips were 
generated, it would result in radial movement of the drill and worsen hole quality than spiral 
chips. Table 7.6 shows the lamella width frequency on the free surface and the number of 
lamella which occurred in 500 μm on the free surface with the two types of cutting fluids. 
The lamella width frequency decreased when graphene oxide suspended fluid was used. In 
addition, the lamella structures in the major section inclined due to the shearing by the side 
cutting edge, while the lamella structures in the corner section were vertical owing to the 
influence of the nose radius of the corner cutting edge. Moreover, the higher cutting 
temperature led to the softening of material. Therefore, when conventional coolant was used, 
the chip lamella structure appeared to be deformed, chip thickness and lamella width were 
larger than those of chips generated when graphene oxide suspended fluid were used. Due to 
graphene oxide has high thermal conductivity property. With the increase of feed rate and 
cutting speed, the lamella width decreased because increasing feed rate and cutting speed led 
to higher strain of plastic deformation, which resulted in shear strain exceeding the critical 
level, a lower width frequency occurred in the chip lamella. 
 
Table 7.6 Lamella width frequency under two different coolant and different parameters 
Coolant         Feed rate(mm/rev)  Spindle speed(rpm)  Lamella width frequency (  ) 
Conventional coolant   0.1               800                  35.05/500                                          
GO coolant           0.1               800                  29.58/500 
Conventional coolant   0.12              800                  31.39/500                            
GO coolant           0.12              800                  27.31/500                                              
Conventional coolant   0.12              1600                 7.08/500                                            
GO coolant           0.12              1600                 24.07/500                                   
 
Fig. 7.13 shows the string chips and spiral chips produced on the back surface when two 
different coolants were used. Previous studies on the orthogonal drilling of titanium alloy 
outlined that smooth and shiny surfaces on the back surface of the chips were due to high 
contact and shear stress that the chips experienced on the rake face [260, 261]. It can be seen 
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in Fig. 7.13 (a) that flaws were generated on the back surface of the chip and marks of stuck 
materials were left when conventional coolant was applied. As a consequence of the high 
friction force between tool-chips and the large amount of heat generated on the chip back 
surface, the elastic zone was formed and the heat energy at the tool-chip interface was 
increased. However, in Fig. 7.13 (b), as illustrated, under graphene oxide suspended fluid, a 
little material was stuck on the back surface of the chips. This is because the graphene oxide 
powder in the cutting fluid reduced the friction coefficient at the tool-chip interface [52, 53], 
the lubricant between the tool rake face and chip back surface was increased and the cutting 
friction and cutting temperature was decreased.  
  
Fig. 7.11 SEM image of chip formation under two different coolant:  
(a) Conventional coolant; (b) Graphene oxide suspended fluid 
 
 
 
 
 
 
 
 
 
Fig. 7.12 Effect of different coolant on morphology of chip free surface:  
(a) Conventional coolant; (b) Graphene oxide suspended fluid 
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Fig. 7.13 Chip morphology on the back surface under different coolant:  
(a) Conventional coolant; (b) Graphene oxide suspended fluid 
 
The chemical components on the back surface of the chips were examined by EDS. Fig. 7.14 
shows the chip element composition when both coolants were used. It can be seen that chips 
generated with GO coolant contain 40.47% more carbon and 90% more oxygen than chips 
generated with CC coolant, and in the same area, the amount of titanium decreased by 
10.34%. 
       
flaw 
stuck 
stuck 
(a) (b) 
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Fig. 7.14 Element composition of the chips under two different coolants: (a) Chip generated 
with CC coolant; (b) Chip generated with GO suspended coolant. 
 
7.3.4.2 Chip thickness 
Fig. 7.15 shows the chip thickness when both graphene oxide suspended fluid and 
conventional coolant were used. It is observed that the thickness of chips generated with 
graphene oxide suspended fluid was thinner than that of using regular cutting fluid.  
 
Fig. 7.15 Effect of cutting speed on chip compression ratio 
When spindle speed was 1600 rpm and feed rate was 0.1 mm/rev, chip thickness decreased 
by about 35.82% under graphene oxide suspended fluid. This reduction is partially owing to 
the decreased cutting temperature. Nano graphene oxide powder can easily form a lubricating 
film at tool-chip interface [155], this would lead to the reduction of friction between tool and 
chip, which, in turn, would reduce chip thickness. On the other hand, when the spindle speed 
increased, the average chip thickness reduced about 27.15% because of the reduction in the 
area of the shear plane and the formation of elastic zone, which reduced the energy required 
to deform the chip and consequently resulted in a decrease in cutting force [221]. In Fig. 16, 
it can be seen that the influence of feed rate on the chip thickness is not significant as 
compared to the effect of cutting speed and coolant. 
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Uncut chip thickness at the outmost of the cutting edge can be calculated with following 
equation [262]:  
   
 
 
 
√   
    
    
  
                                                         (7-3) 
Where   is feed rate,    is uncut chip thickness,   is half of the point angle,   is the 
location of desired point on the cutting edge,   is equal to     for the outmost cutting edge 
of the drill bits used in this study. The chip compression ratio   (CRR)[221], which is the 
ratio of cut chip thickness (  ) and uncut chip thickness (Eq.7-3) is plotted in Fig. 15. 
  
  
  
                                                                (7-4) 
It can be seen in Fig. 7.16 that CRR decreased when cutting speed was increased. The shear 
angle increased with cutting speed due to the extension of the rigid zone that deformed 
elastically and the reduction of plastic-deformation region in the cross-sectional area of the 
chip. On the other hand, when graphene oxide suspended fluid was used, the compression 
ratio was smaller than that of using conventional coolant. The compression ratio reflects the 
strain in the shear plane and the deformation of chips [263]. The smaller CRR indicates to 
smaller strain in the shear plane. Therefore, when using graphene oxide suspended, the strain 
was lower than that of using conventional coolant and the smaller chip deformation resulted 
in lower CRR. 
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Fig. 7.16 Chips thickness under different feed rates: (a) Feed rate = 0.10 mm/rev; (b) Feed 
rate = 0.12 mm/rev; (c) Feed rate = 0.15 mm/rev; (d) Feed rate = 0.18 mm/rev. 
 
7.3.5 Thrust force  
Fig.7.17 shows the thrust forces at various cutting speed and feed rate and both under 
conventional coolant and graphene oxide suspended fluid. The cutting forces in Z direction 
(thrust force) measured in eight experiments were potted, the columns CC (1600 rpm), CC 
(2400 rpm) and CC (2880 rpm) describe the thrust forces under different spindle speeds when 
conventional coolant was applied, while the columns GO (1600 rpm), GO (2400 rpm) and 
GO (2880 rpm) indicate the cutting force when graphene oxide suspensions fluid was applied. 
It can be seen clearly in Fig. 7.17(a) that a significant drop of cutting force was achieved by 
using graphene oxide suspended fluid. When the spindle speed was 1600 rpm, the cutting 
force with conventional coolant was 1200 N, while it was 1100 N when graphene oxide 
suspensions fluid was applied, the drop of cutting force is up to 8.33%. When spindle speed 
was increased to 2400rpm and 2880 rpm, the cutting force were 1154 N and 1062 N with 
conventional coolant, and they dropped to 1022 N and 946 N when graphene oxide 
suspensions fluid was applied, the drop was up to 11.44% and 10.92%, respectively. 
Moreover, when feed rate increased to 0.15 mm/rev, it can be seen in Fig. 7.17 (c) that the 
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cutting force reduced to 17.21%. The wear of cutting tools may result in rapid increase in 
cutting force. However, graphene oxide nanoparticles could form a thin film to protect the 
workpiece, which would reduce the cutting force [155]. The formation of chips with thinner 
thickness at high cutting speed may facilitate the occurrence of well-broken chips, leading to 
easier sliding of chips along the flutes and results in lower cutting force. Therefore, when 
using conventional coolant, the cutting force was greater than that of using graphene oxide 
suspended fluid. 
   
 
Fig. 7.17 Thrust force with different feed rate: (a) F=0.10 mm/rev; (b) F=0.12 mm/rev; (c) 
F=0.15 mm/rev; (d) F=0.18 mm/rev. 
(a (b
(c) (d
177 
 
 
Fig. 7.18 TEM images of GO: (a) Graphene oxide sheets (b) Few-layer GO sheets [264]. 
 
Nano graphene oxide powder added into the coolant improves lubrications [63]. It could 
enhance penetration and entrapment and reduce the friction force at the drilling interface. 
Friction force is a function of thermal conductivity and volume concentration. It can be 
calculated with the following equation based on the friction coefficient under different 
nanofluids measured by Vajjha. [265] 
                           (
    
     
)                          (7-5) 
 
    |   |                                                         (7-6) 
 
Where   is friction factor,   is the volume fraction concentration,   is thermal 
conductivity,   is Nusselt number,    is reference temperature,    is normal force 
respectively. The friction force under different coolant was calculated with Matlab and shown 
in Table 7.7.  
 
Table 7.7 Friction force under different coolant 
Cutting speed (rpm)                Coolant                  Friction force (N) 
    800                    Conventional coolant                   98.12 
   1600                    Conventional coolant                   99.54 
   2400                    Conventional coolant                   101.38 
   2880                    Conventional coolant                   102.76 
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   800                   Graphene oxide suspended fluid             91.99 
   1600                  Graphene oxide suspended fluid             92.40 
   2400                  Graphene oxide suspended fluid             93.23 
   2880                  Graphene oxide suspended fluid             94.61 
 
It can be seen that when cutting speed was increased, the friction force would be increased. 
The friction force was decreased by about 6.67% averagely in graphene oxide suspended 
fluid. This reduction resulted smaller cutting force than using conventional coolant. 
 
7.4 Summary 
In this chapter, a series of drilling experiments were conducted on titanium alloys in order to 
study of the mechanism and effects of nano-graphene oxide suspended coolant on cutting 
force, surface quality and the characterization of chip morphologies. Based on the findings, 
following conclusions can be reached: 
 
 Thrust force increased when feed rate was increased. The higher the spindle speed, 
the lower the thrust forces. Lower thrust force has been obtained in using graphene 
oxide suspended fluid than conventional coolant. Under the same cutting condition, 
the reduction of cutting force was up to 17.21% . 
 
 Tool wear under GO suspended coolant was insignificant after 32 drilling processes. 
Adhesion of titanium chips at the cutting edge, and spalling of tool material caused by 
tool/chip abrasion was found on the tool surface under CC coolant. 
 
 Through the examination of SEM and EDS images, it was found that the holes drilled 
with graphene oxide suspended fluid had 23.3% less thermal cracks than those drilled 
under conventional fluid. The average surface roughness measured by using Alicona 
microscope, under the same machining condition, was 15.1% less than when using 
conventional fluid. 
 
 When spindle speed was below 1600 rpm and feed rate was less than 0.12 mm/rev 
graphene oxide suspended fluid resulted in excellent chips (spiral chip), while 
discontinuous chips were formed when using conventional coolant. It was also found 
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that free surface of the chip formed in using CC coolant had thicker lamella. However, 
the chip lamella was much filmy when GO suspended coolant was used. On the other 
hand, the back surface of the chip generated CC coolant has flaws and material stuck, 
which illustrated that higher cutting temperature was generated. Little material was 
stuck on the back surface of chips when GO suspended coolant was applied. With the 
increase of cutting speed, the chip thickness was reduced. The chips were generated 
thinner when GO suspended coolant was used.  
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Chapter 8 Conclusion  
The innovations and main contributions made in this research are summarized in this chapter. 
The limitations of the methods developed in this research are addressed and suggestions for 
the future research work are recommended. 
 
8.1 Conclusions 
The excellent mechanical and physical properties of titanium and its alloys make them the 
most commonly used superalloys in the aerospace industry and biomedical engineering. Due 
to their high strength, low modulus and low thermal conductivity (7.3 W/mK for Ti-6Al-4V 
alloy), titanium alloys are extremely difficult to machine. The low thermal conductivity used 
to cause high temperature in the cutting area because of the accumulation of the large amount 
of heat generated in the cutting region, which in turn results in severe tool wear, shorter tool 
life and poor surface quality of the workpiece. 
 
8.1.1 Experimental study on the wear mechanism with nanofluids 
The lubrication and thermal property of different types of nanofluids were investigated in this 
thesis by analysing the tool wear in different machining processes (turning and drilling). The 
wear mechanism of cutting tools were investigated by analysing cutting force, flank wear, 
crater wear and the rake face wear.  
Adhering chips and layers were stuck on the rake face and  build-up edge on the cutting 
edge was more severe when CC coolant was applied. In contrast, there was only BUE on the 
cutting edge when GO nanofluids of 0.1 wt.%, 0.3 wt.% and 0.5 wt.% were applied. It could 
also be seen that the BUE and adhered layers in using 0.3 wt.% GO nanofluids were less than 
those of using 0.5 wt.% GO nanofluids because the increased concentration of nanofluids led 
to the formation flakes and conglomerated nanoparticles which resulted in poor lubricant 
stability. The measurement of tool wear (wear of cutting edge) when different types of 
cutting fluids showed that the wear of tool edge increased with the increase in cutting 
velocity along with the feed rate. The tool wear increased by 43.39% and 22.80%, 
respectively at higher cutting velocity and higher feed rate. However, when the concentration 
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of GO was increased from 0.3 wt.% to 0.5 wt.%, the wear of cutting edge was increased by 
14.10% only.   
In the flank face of the cutting tool, adhesion, BUE, nose wear and attrition wear were more 
severe on the flank face when conventional coolant was used. Comparing with that of using 
0.1 wt.% GO nanofluids, it could be observed that there were less BUE and nose wear on the 
tool flank face. When the concentration of GO nanoparticles was raised to 0.3 wt.% and 0.5 
wt.%, less BUE and attrition on the flank face could be observed. One of the factors that led 
to such a phenomenon was the lower temperature at the tool-chip interface due to the higher 
thermal conductivity of GO nanofluids, which could remove the heat from the cutting zone 
more efficiently. This lower cutting temperature could reduce tool wear and increase tool life. 
Moreover, the lower cutting force loaded on the tool when GO nanofluids were applied 
contributed to the reduced flank wear as well.  
The experimental results show the cutting force in nanofluids cooling environment could be 
reduced compared with conventional coolant. In the turning process, the cutting force 
decreased by up to 50.83%. The main reason for the large decrease was the excellent thermal 
conductivity of GO nanoparticles which resulted in the rapid removal of cutting heat from the 
tool. Especially under higher coolant pressure condition and higher nanofluids concentration, 
the application of GO nanofluids resulted in the reduction of  cutting force by 23.53%, 
37.64% and 41.17%, respectively when the concentrations were  0.1 wt.%, 0.3wt.% and 0.5 
wt.%. 
 
8.1.2 Theoretical study on the force and heat transfer mechanism  
The low thermal conductivity and high chemical affinity of titanium alloy make it extremely 
difficult to machine. Cutting temperature is a significant factor that affects the cutting forces. 
To investigate the heat transfer and thermal characteristics in the machining process when 
using nanofluids as cooling media, an innovative cutting temperature prediction model was 
developed and validated through cutting experiments. The model described mathematical 
relationship between cutting temperature at tool-chip interface and machining parameters 
under different conditions. Experimental and simulation results show that the cutting 
temperature at the tool-chip interface with GO nanofluids was lower than that with CC 
coolant. Higher feedrate resulted in higher cutting temperature compared with that when feed 
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rate was lower. The cutting temperature was lower when GO nanofluids were used in 
comparison with that when CC coolant was applied. Higher coolant pressure would lead to 
the reduced TCIT compared with lower coolant pressure. When GO nanofluids were applied, 
the reduction of TCIT was 50.53°C. By comparing the simulation results with experimental 
measurements, it can be seen that the simulation results were close to the experiment 
outcomes, which indicated the thermal model was reliable. Since the effects of nanofluids 
have been taken into account in FEA modelling, it can be seen in the simulation results that 
the temperature of using CC is higher than that of using GO. 
The finite element analysis models were developed to simulate the cutting force under cutting 
conditions of using different types of fluid. Generally, the cutting force was lower when using 
GO nanofluids in comparison with using conventional coolant, in which the reduction was up 
to 43.42%. This phenomenon was expected because GO nanoparticles have much higher 
thermal conductivity, which increased coolant’s thermal conductivity leading to the drop in 
cutting temperature, the cutting force with GO nanofluids was therefore lower than that of 
CC fluids. With the increase in GO concentration, the cutting force became smaller. In 
comparing the experimental and simulation results, the cutting force calculated by using the 
model showed an good agreement with the experimental results. However, the manufacturing 
cost of graphene oxide nanoparticles are little bit higher than other particles. Industry needs 
to be considered this issue. 
 
8.1.3 Experimental study on the chip, tool and surface morphology 
Generally, the new cooling media results in better performance than conventional cutting 
fluids. Continuous chips were formed when all types of coolants were applied. One of the 
reasons was that shear localized chips were produced by thermal softening of the material in 
the shear zone. The shear band and instability in the continuous chips were produced by the 
materials flow because of the localized thermal softening in the chips. However, some 
differences existed on the back surface and free surface of the chips. Smeared materials, feed 
marks, breakage and fracture were found on the free surface of the chips when conventional 
coolant was applied. When GO nanofluids were used, these phenomenon were less obvious. 
It proved the excellent lubrication property of the new nanofluids, which also resulted in  a 
more gloss and smooth surface. The results from surface roughness measurement show that 
GO nanofluids resulted in a dramatic reduction in surface roughtness of up to 30.23%. Tool-
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chip abrasion and build-up edge (BUE) were observed on the rake faces of the cutting tools, 
and the worn areas on the tools which was used in graphene oxide nanoparticles were smaller 
than the worn area of the tool used in conventional coolant, the materials abrasion area was 
smaller as well. 
 
8.2 Future work 
This research focused on the application of graphene oxide nanoparticles as additive 
materials in base fluids in machining titanium alloys. Although two new models have been 
developed for the prediction of the cutting force and cutting temperature with the application 
of new cooling method, there is still much work to be done in this research. Some of these are 
theoretical while other issues are related to practical questions of implementation. 
 
8.2.1 The machining of composite materials and compare with other nanofluids 
The cutting method applied in the experiments belongs to the category of conventional 
machining in terms of cutting parameters and titanium alloy. Typically, In view of the 
complicate property of the composite materials, it can be discussed the surface integrity after 
using nanofluids in the future. Further, the other nanoparticles need to be investigated in 
comparison with graphene oxide nanoparticles. 
 
8.2.2 Modelling optimization and heat transfer  
The two new methods and FEA modelling to predict cutting force and average cutting 
temperature are mainly based on the properties of nanofluids and machining parameters such 
as thermal conductivity, density, flow rate, specific heat, heat transfer coefficient, cutting 
speed, feed rate, coolant pressure, coolant concentration and depth of cutting. The effects of 
tool wear and nanoparticles’ structure and chemical reactive have not been considered. 
Therefore, to increase the accuracy and further minimize the predicting error, these factors 
should be reflected in the modelling.  
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